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s hardly necessary. to st stress the desirability fc for selective design si e 


sine 
in erecting engineering structures is decisive. Of course 


ithema’ atical processes, and the actual construction must ae given 


the 


e ual wei ght | if the “ien is to be successful, consistent with the greatest 
q ors wi 


“establishment of and the 


‘degree of accuracy within the limits of justifiable expenditure. _ Granted the 
physical implements (made available in the field of svedetinn by the efforts of 
“many practitioners through the years), it seems timely to make an effort to 
discuss the too-little-mentioned subject of design. ; 
This pa) paper, placing } primary emphasis on the subject of triangulation design, 


‘eden contains several statements regarding the mathematical pro processes. 
‘These stat statements are included solely to ‘suggest some of the provocative ideas" 


that 1 were vere encountered during the course of the ne in the hope that further 


‘and more re searching discussion may may be ‘stimulated. 


field results of applying the theories presented herein we were so favor- 

“able 3 as to ‘be almost beyond understanding. In its beginnings, the idea of 

“balanced design i in urban triangulation” originated from curiosity concerning 


“the striking g similarity in characteristics (of which there are many) of — 


and. roof and triangulation networks. For example, 


tr 
‘is the ‘component figure; but, because of physical limitations in the field o 
woul d rarely be possible to erect a network of urban triangulation using only 


8 a single type of f figure, “such as the e completed | quadrilateral. Therefore, for 


‘very practical reasons, ot other t types of fi figures are used which should be as closely 


Norg.—Written comments are invited for publication; to inst insure publication the last. dis- 
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Chronologically, developments occurred i in reverse The list of figure 
s discussed in Part . and a ns for the field work mentioned i in Part 3 
er way in 1937. : In the interim, the field and final results (presented : 
yi 


ntly in Table 2) were ade available. As the results accumu- 


apparent, and were deemed sufficiently unusual 


reasonable explanation for cause. 


ny An accurate triangulation scheme is the prime necessity as a foundation 
for the erection of a traverse structure to control property dimensions This ; 
As particularly true in establishing geodetic control systems in urban ar areas” 
since high property values prevalent therein are a most ‘significant _ factor in 
determining the level of accuracy to be attained. 
The desirable accuracy of horizontal urban cantrol has b been stated as not 
less than 1 part in 15,000 at the remote extensions of the traverse from triangu- 
lation. at This ratio of accuracy is based on the measurable precision within 
which a building can be constructed with relation to a given property line. _ 
aa The control system, comparable to a local public utility to serve the needs. ! 
of an area, should be > capable of producing the required accuracy at any point 
within the jurisdictional limits where it may be demanded. Serious and un- 
avoidable losses in accuracy must be anticipated i in extending the ec control, from 


the triangulation 2 various — of traverse, to define every property 


ps 


pe ar 


> — ; triangulation ‘can cause almost insuperable difficulties , if the unpredictable 
4 distribution of discrepancies, in_triangulation and traverse observations, is 

unfavorable and causes ‘unacceptable localization of error. Localized e error 
that cannot be corrected properly can tightly b be called structural failure. — 


necessity for well-designed figures at ‘measured precision bases 


and the length element was is undergoing 1 rapid expansion toa longer : average 
line of sight. The component figures of arcs of triangulation between measured — 
bases, however, ' were not always so ) well designed, and i in some cases es simple ta 

‘se 


mixed design. of design c can produce only 
yesults. For example, the triangulation nets in two adjacent cities, upon oa 
completion in the field, ‘appeared equally acceptable; - yet the final indexes of 
accuracy from the least-squares adjustments of each had little in common. ™ 
One result was judged to be extremely good and the other very poor. ~ Actually, w 
both results were erratic accidents because selective predesign of the structures O 
was not a controlling 1 factor and dienes in design was lacking i in both a 


- = ew Procedure for City Surveys” Manual of Engineering Practice No. 10, Am. Soc. C. E., ee, 
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an structure, and, therefore, has n no rigid explanation. is an 
“engineering structure, subject in general to the same physical laws, but differ- 
ing in that, visibly, its physical make-up can be appreciated only ona detailed _ 
layout map. The scattered monuments that perpetuate the station locations _ 
on the ground do not afford any understanding of the scheme. It i is possible, — 
however, to identify certain characteristics of the structure by 2 a study of the 
pattern of the distribution of discrepancies resulting fr from observations, and to 
arrive at conclusions that should be helpful. 
ART 1.—EFFECTS OF CHANGES IN | DESIGN 


require ‘enormous labor, and s since m many “factors would modify final 
conclusions this idea was abandoned in planning the present study. By select 
“ing types s of actual ¢ component figures for individual examination, the outlook | 
_was made more promising, . but even then certain difficulties remained, prin; 
_cipally the lack of a reference base for common comparison. Although the 
absolute values of angles in actual triangulation ca can never be humanly known, 7 
discrepancies i in observations can be distributed in the most, consistent manner 
by a a least-squares adjustment. — Furthermore, changes in « in design mn would dictate 
the pattern of distribution. — With these ideas in mind, the decision was reached 
to 0 study the | characteristics of design through comparison of the results from 
_ least-squares adjustments of ideal figures, whose absolutes are known. ie eat 
a _ For this purpose, four types of figures were selected—a central- -point quadri- ,, 
lateral, a pentagon with and without central point, and a central-p -point hexagon. 
_ Using the perfect form for each figure wherein the absolute values of the y angles 

are known, ‘assumed discrepancies were were applied to each angle. ‘Thea assumed 
discrepancies -Testricted in magnitude and range, and were uniformly 
applied—in tenths of seconds, 0.1 to 0. 3, , plus and minus successively, clockwise 
at each station and counterclockwise around the figure. By removing me 
cessive fe diagonal lines from the figure, the design could be changed by stages 
from saturation (that is, all diagonals being included) to the point where the 
figure becomes merely a combination of triangles. _ Thus, by making a ‘series 
of adjustments for each stage ge of design, the various distributions of discrep- 
ancies could be tabulated and examined. In all, more than one hundred 


“separate least-squares s adjustments o of the ideal I figures were com completed, and the — 


In the four types, the distribution of assumed discrepancies made 
‘dailer as possible so that the final adjusted values would be closely comparable. _ 
Certain « advantages are found in using the hexagon, however, since it covers 
“wider range in design and the results permit broader study 
understanding. 


‘(see Fig. sit, atu 


al), the first involved the central- -point figure without diagonals, and then the _ 
figure with the diagonals, included one by one in their numbered order. : 
Without diagonals the figure co consists of six triangles i in which the exterior 
lines lack double determination. With the inclusion of diagonal 1 (aumbers 
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denoting diagonal lines are circled), the figure consists quadrilateral ( (in. 

which all lines have double determination; that i is, ;, all lines are sides of at least 
two triangles) and four simple triangles. Diagonal 2 produces two — 


design has reached the initial state 


laterals and two simple triangles; but, with the inclusion of diagonal 3, every - 
line in the entire figure has reached double determination. In other words— 7 
the design-development stage being indi- 
cated by the number of included diagonals— . 
at 0 the design is that of simple triangles, 
at 1 and 2 the design is mixed, and at 3 = 


the design is classified as double 

“mination ‘increasingly compounded, and at 

6 the | ultimate of design is reached where — 

double determination is completely com-— 

It is pointed out ,that the 


“Fra. clusion of diagonal groups either 1, 2, and 


or. 5, and 6 would produce double 
IN TENTHS OF A SECOND 


The assumed discrepancies same to the angles: of the hexagon (Fig. 1), 
q and the pattern and regularity « of their distribution, produce a series of ‘triangle 


dlosures that are of consequence to the study. 


iin any figure: or combination of figures, there i is a total in closures ‘that i isa” 

constant yin Referring to Fig. re it will be noted that the discrepancies at the 

t perimetric angles: within each of the radial triangles counteract each other; 

therefore, the triangle closure i in each radial triangle will be identical to the 
discrepancy at its central- -point angle. The algebraic sum of the central- -point- 
angle discrepancies i is zero, and thus the algebraic total- triangle closure i in the ‘J 

- entire figure i is also zero. _ This total- triangle c closure for the entire figure will : 


remain constant regardless of the number o of diagonals that may be > inserted. 
The insertion of diagonals serves to divide and subdivide the discrepancies i in 
_ the angles, and forms and reforms the resultant triangle closures . Likewise, 
‘the complementary side equations state and restate the proportional sine-to- 
side discrepancies. ' The total closure to be reconciled in each of the | seven 
least-squares adjustments, therefore, remains a constant throughout the seven 
stages of design, upon which can be based a study of the mechanical changes ~ 
produced i in the e series 0 of adjustments, as evidenced al variations in the distri- 
After completing the series of adjustments, the corrected directions were } 
tabulated. It then 5 was possible, since the ideal hexagon i is a perfect geomet- 
: Tical figure, to ascertain how efficiently the assumed discrepancies were al 
= and what degree of approach to the absolute was ¢ attained. | Therefore, 
= series of terms was tabulated— —the ‘absolute directions minus the 
corrected. directions—which are designated ‘A. The A-tabulations, 
 segard to sign, were then plotted, as shown in Fig. 2’ On these graphs, the 
- vertical s section shows the i increase in magnitude; and ‘the horizontal | section, 


- the occurrence > of A-terms in equal magnitude, to the total number of terms 
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> involved. For example, in Fig. 2(a), the abscissa 1 -235 denotes one A- term, 
and nd 235 denotes its A- value i in thousandths; the abscissa 4-005 indicates that 
four. A-terms o of the s same value have occurred. - The meaning of the sub- 
_ caption: is explained as: follows: In Fig. 2(c), , for example, ‘ “stage 2” denotes a 
figure with two diagonals; “723” is the index; and “28” denotes the 
total number of A- terms. Subsequently, the writer will discuss these — 
a, as comparative profiles depicting the state of “geometry prevailing after the 
angie and side equations are satisfied—geometry i which length equations 
ss Ino order that a basis of comparison could be Sound to indicate a relative 
index of efficiency, an ordinate line was drawn n connecting the he extremes of the : 
“curve » of the plotted A-terms. 18. The ordinate areas were then scaled by — 
eter and the > resulting definitions of size indicated. In Increased efficiency is thus 7 
approximated by the decrease in ordinate-area sizes. 7 This unorthodox method f 
of showing relative efficiency produced by changes in design was devised, and 
is believed to be a fair basis of comparison, because the inclusion of each | 
diagonal introduces two more -terms, and a realinement 


complementary A-terms is produced, with a tendency to approach progressively 
» a straight-line distribution that will be more thoroughly compensated. — This 
effect is very pronounced i in the Stages | of Fig. 2, and would have Perey | 
influence on a argument that passed through the > figure. 
Stage Variation, in Thousandths of aSecond rai 
089 047 074 077 089 095 100 097 067 076 082 es 
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Design Stage (See Fig. 2 

Design Stage (See Fi ig. 

Iq. 
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= 


the error of an (assumed) ‘direction | (Fig. derived from 
the least-squares J ogres) and the average A- value from a direction: (Fig. 


summary are » ‘with. the stages (a), 
(bd), etc.) in Fig. 2. _ For example, the | ordinate-area index 771 (Fig. 2(a)), the 
average ¢ correction 0.032 (Fig. 3(a) stage 0), , the error 0.047 (Fig. 


— 

| 

| 

| 

q 

| 

— 


November, 1945 ‘URBAN 


‘URBAN TRIANGULATION 3 
stage 0), and the average A-value 0.050 (Fig. 3(c) stage 0) can be tit 
collectively to complete the criteria for stage 0. alt. 
_ Certain conclusions can be stated on the internation outlined on in 
graphs (Figs. 2 and 3). * Because the triangulation structure is indeterminate, 
the conclusions cannot be facts, in the strict sense of that word, | but it's ‘seems 
reasonable to believe that they can indicate strongly the trend of cause and 
effect. Incidentally, the > specimen hexagon in its stages of design development 
can be considered as a single figure or as a small network of triangulation. — In 
either case, the principle remains thesame. 
 - Simple-triangle design and mixed design are not a acceptable i in ell 


Biages 0 0, 1, and 2 igs. 2(a), 2(b), and 2(c)) plainly point to an 
distribution of ‘Stages 0, 1, and 2 in Figs. -3(a), 3(b), and 3(c) 
related to stages 0, 1, and 2 (Figs. 2(a), 2(b), and 2(c)) show values that: 
are misleadingly small. It is obvious that lack of geometrical conditioning, 
produced by diagonals, result in either favorable or unfavorable distri- 
bution of f discrepancies that could adversely : affect a base-to-base chain, or any 
part ofa , network—a matter Ww yhich will be referred to in Part 3. 
severe decrease i in the ordinate-area index in stage 3 (Fig. 
can be expected | since double determination is completed. — At this stage of — 
- design, a m minimum of lines produces a maximum of results. i ‘The ordinate-area 
index, average correction, probable e error, and average / e A- \-value have reached 
the lowest common minimum in double determination. hy 
 @ Stages 4, 5, ‘and 6 (Figs. 2(e), 2(f), and 2(g)) show a relatively smaller - 
decrease in the ordinate- ~area indexes, but the related stages 4, 5, and 6 in 
Figs. 3(a), 30), and 3(c) show continued increase—with but two o exceptions | in 
stage 6—in : average correction, probable error, and ave average A-value. Unless 
very exceptional circumstances warrant the inclusion of any or all of diagonals 
4, 5, and 6, the resulting : increase in time and cost is not justifiable; ; also, these 
diagonals are in excess of the uniform- -figure design to be treated in Part ... 
(ad) It is possible to summarize conclusions (a), (), and | (c) by reference to 
i theory of least squares and the exercise of logic. 4 As applied to triangula- 
> tion, the theory i is given as fe follows: The sum of the squares of the corrections 
a to the directions shall be a minimum. _ These terms for the design stages a are: 
Abs stage 0, 0.0340; at stage 1, 0.1083; at at stage 2, 0. 1442; at stage 3, 0.2273; 
at stage 4, 0.2996; at stage 5, 0. 3708; - and at stage 6, 0. 3919. If graphed, 
these terms would have the characteristic curve 6 of increase shown i in Fig. 3 for 
~ other final terms. ‘The least-squares theory i is satisfied independently i in 1 each 
of the seven design-stage adjustments, but it is necessary, further, to decide 
which least-squares result (that is, which stage of design) shall be chosen as the 
specific one that will probably be the most useful. At this point, the logic of 
economy should be the only deciding influence; and, as 8 expressed in conclusion 
(b), the logic of economy points rather directly to the first state of complete 
double determination, produced | by — 1, 2, and 3, providing the max maxi- 
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reduced of trusses are used to study load ses and ‘subsequent reac-— 
tions. Nevertheless, the process, however reduced, ean guide thinking in 
~ connection with the much larger problem of planning and executing an actual 
urban network. he criteria for acceptance of field observations® constitute a 
i ‘Testriction « of the ‘magnitude and range of discrepancies in observed angle values. 
in somew what the same manner that artificial restriction has been applied to the 
assumed: discrepancies i in the ideal hexagon. course , there is an infinite 
variety of patterns in the distribution of discrepancies since the structure is 


indeterminate, but th the trends in results will be constant. © — Quite naturally, it 
should be remembered that the magnitude andr range e of actual nc mo : 


in a network are expected to much larger and are | more 


decisive. 


To make the best use 2 of advantageous trends, it is necessary to build t up a 
reasonably complete series s of closely related geometric figures, hereinafter to 
be called unit figures. : They are designed to incorporate t the useful charac- 
- teristics suggested as regards the hexagon in Part 1. Such a series is s presented 

The ideal hexagon is the perfect form of the unit figure shown as iit 

“ Table 1. With shifts in the location of central points and changes in shape, 
’ figures apparently become more difficult to identify; but this need not be 
misleading, since each type includes a definite number of physical members 
that i is characteristic of one type only. In the series it will be seen that types 
1 and 6 are used in varying combinations to make up the remaining composite 
types. ~All are equally useful in designing net ; from reconnaissance 


central point and the other with diagonals only. The central-point 
triangle and the completed quadrilateral are the basic unit figures. In the 
first of these one triangle overlaps three and in the second two triangles overlap ; 
two (overlap in each case for double determination). In the composite types, 
a attention is directed to the central- “point figures and the regular i increase in the 
number of diagonals: employed; and in type 7, attention is directed to the 
‘pentagon with four diagonals. _ In that manner, types 2 2, 3, 4, and 5 combine, 


a central-point triangle, in each, and one, two, three, ‘saad four quadrilaterals, 
"respectively, in compound overlap (see crosshatched areas) needed for unit- 


geometry. Similarly, type 7 combines two quadrilaterals. The close 
relationship in visible characteristics is quite apparent in all these types. An 


indication of similarity in mathematical characteristics i is by 

the reduced spread of the D-C terms (see Table 1), in which: D is the 


number of directions observed in the figure | (always ¢ assuming g that the starting 


line is held fixed); and Ci is the number of conditions to be satisfied in the least- 


TOC r City: Surveys,” Manual of Engine ing 0. 10, Am. Soe. E., 1934, 
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It will be noted that certain diagonals are not used; therefore, various 
choices in selecting the ‘Tequired 1 number of diagonals are possible. This i is a a 

very useful circumstance in resolving reconnaissance and designing difficulties, 


- in the elimination of poorly shaped triangles. — Iti is thus possible to design 
TABLE 1.—Srries or CoMPONENT FiguRES 


THEIR CHARACTERISTICS 


\ 


-p = ‘‘central point’) cad ie 


C-p pentagon (0.55 


‘the urban net by abutting component unit figures of relatively s similar physical 


ART CTUAL RESULTS IN THE IELD . 


ea During the years 1937 to 1941, the writer collaborated with local personn 
engaged i in the construction of several urban triangulation nets. At that “oe 
even though the idea of balanced design for triangulation existed only as a 
line of logic, based upon past experience and research, it was possible i in most _ 
instances to demonstrate successfully the usefulness of the design, which was 
used subsequently in designing several urban networks . As an example for 
‘discussion the basic triangulation net for the City o of Minneapolis, ‘Minn,, is is 


rs November, 1945 1323 
in 
al a 
is " 
4 
TYPE 5 TYPE 6 TYP 
a 
it- 
an 
ing 
— 
‘ 


URBAN TRIANGULATION 


This ne network component unit figures, including nine quadri- 
laterals, two central-point four quadrilaterals, and one 


Coast and Geodetic Survey, was 

fixed, being related to the 

a Measured bases by condition 

equations i in the least-squares ad- 
ravel Aggie 

Justment;; azimuth for the rigidly 
adjusted net was derived from 
the federal definition on this line. 

__ As is apparent in Fig. 4, the 

first” effect of balanced 

- design i is the ease with which the 

net and component unit fig- 

can be studied. In this con- 


| 0 over the heavy lines accent- 


wating each unit figure. Such 


Holy Angel 

at n wou d b up fluou nd 


. dangerously a a more orderly design. The second effect, not so ) apparent but 

> present nevertheless, is the pattern of geometrical condition equations S necessary — 
in the least-squares adjustment to distribute discrepancies from observations. . 

Disregarding the length argument fc for the “moment there are sixty angle 

. 4 equations and thirty-o one side equations. — The angle equations, all of which 
occur as unit-figure conditions, require r no special comment. 71 _ There are two 


distinct varieties of side e equations, however: (a) Figure-side equations, , twenty 
two in number, that occur: to the angle equations in the 


“ting at pty interior stations that are ery vertices a abutting lines betwee een 
Jit In this net the vertex stations are: Fairview, Park, ‘Foshay, Bunge, Roe- 

buck, Prospect, ‘Washburn, Resurrection, and Hiawatha. The limit lines of 
“the vertex equations are shown in Fig. 4 by lines of three styles placed on the 

side of the limit lines nearest the vertex station. These vertex-side — 
‘serve to knit the scheme geometrically, by relating each unit figure to every 
other, as the figure-side and angle equations relate the members of each unit 
the function of the vertex-side is to establish coinci- 


— 
— 
a Columbia and Hol 
— - 
4 
— 
_——s- vertex station. Likewise, the figure-side equations produce coincidence of . 
ie a0 certain unit-figure lines at selected figure poles, and, in conjunction with the - 
angle equations, complete the integration of the individual unit figures. The 
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process of integration. proceeds from. the individual unit geometrically, 
through the vertex- -side  equations—relating figure to figure and vertex to 
ver tex—to every part of the entire net. Each unit figure and its condition — 
equations abut other unit figures and their conditions, and the vertex-side 
equations ¢ overlay | each other and the unit figure conditions i in fish-scale fashion. - 
There can be no doubt 1 regarding complete integration and, furthermore, the 
highest possible degree of | uniformity throughout the network oe @) tea 
‘Using transparent plastic sheeting, cutouts of the | figure-side and vertex- 
_ side equations can be prepared; the selection of angle equations in each unit 
figure can b be indicated on the layout | map; and the cooperative effe effects, designed - 
to ‘produce mathematical rigidity, ca can be examined by ov overlay. y. In this way, 
also, the presence of an identical equation that would be fatal i in the adjustment 
— can be detected. Actually, this seems to be the graphic st statics of triangulation : 
whereby geometric integration becomes visiblein form. = 
a ‘The length ‘argument, superimposed as it is upon the condi 
ty tioned network, can be considered separately. — The necessary length equations, — 
two in number, relate the measured bases to ) each ¢ other and d to the fixed line : 
through selected « chains of triangles. There are discrepancies i in passing from 
- base t to base and base ti to line, but, in view of the extreme : accuracy of the 
measured lengths, these discrepancies after the satisfaction of the angle e and 
conditions can | scarcely be considered as originating from the length 
_ measurements. _ Therefore, they represent the degree of failure in compensa- — 
tion in the angles used in the base-chain triangles, after these triangles have 
~ been effected by the angle and side equations, which are the geometrical 
conditions. Finally, the length equations (which are trigonometrical condi-- 
tions) are superimposed and the total base-to-base discrepancy after adjust-— 
ment is disclosed; and, if this final length discrepancy i is highly acceptable, 
cannot it it be considered as ¢ evidence that the geometrical adjustment, produced _ 
by the a angle ‘and side. conditions, s, was but little disturbed by the length con- 
ditions?» Furthermore, does it not afford | evidence that all discrepancies were ‘ 
; most consistently and hivenatley distributed, limited only by the mathematical 
process, throughout a network that is uniformly designed? ‘ In this connection, 
—. is made to the ultimate influence attributed to a compensated ‘it 
bution of the geometrical discrepancies as suggested in Part1. 


_ Lastly, t there are the final results from the least- “squares adjustment. that 
me 


accepted as the indicative proof. Criteria for the acceptance of urban 
_ triangulation schemes were presented i in | 1934 by the Committee of the Survey- 


ing and Mapping Division on City Surveys.5 These specifications and the 
results: of four actual operations, the acbwerten of which were designed by bi, 
abutting component unit figures of the types listed in 1, are summarized 


Ih reviewing these somewhat surprising results, it. ‘should be: remembered 


ns that, according to the theory, of probability, a any single result in this field c can 
be called accidental, as can also any pair of results; but, when the third and 


the fourth the chance that the results are accidental becomes 


& 


Procedure for City Surveys,” Manual of Engineering Practice No. 10, Am. Soc. C. E., 
1934, p. 12, 
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‘so remote that the circumstances call for. another explanation— —the inevitable 


bes sure, all purposes, scheme C, Table 2, is as useful 


ass scheme B, despite the > large difference i in the adjusted base-to-base 'discrep- “ 


ancies. ¥ (The designations A, B, and C are used herein to identify three other 
networks ‘similar in design to the Minneapolis scheme.) = 


TA ‘TABLE 2 .—SumMArRY OF RESULTs, PPLIED TO ‘URBAN TRIANGULATION 


4 Minne- Scheme | S "Scheme “Sche e 
Description — E ne | Schem cheme 


Average 
Maximum 
Sine-to-Side in Seconds: 
Average 


“200 "| 183 13 | 1.60 
1,850,000 


Probable error of measured bases¢ ..... one 978, 000 


“fixed fed- 


(6) Resvutts ATTAINED FROM THE LEast-SquaRES ADJUSTMENT 


¢ 10 | Base-to-base discrepancy*.............| 100,000 | 1, 478, 8,000 3, 3,378,000 al 378,50 8,500 
11 | Average correction to a direction, in sec- om 


d 
4 12 Probable error’ of an observed direction, 
in seconds 0. 75 


& -_ @ Manual of Engineering Practice No. 10, Am. Soc. C.E., 1934, p. am Basic ae net for 
the City of Minneapolis, Minn. (see Fig. 4). ¢ 600. 000, 


aa The significant fact i is that, as a prerequisite to the e other necessary phases 7 


of construction, it is possible by , selective design - to exceed the specifications 

for the length argument and to satisfy the other final criteria in four networks _ 

of similar design, without a single failure to date, at the same time producing pS 

the effect uniformly throughout each network. From networks of such con- 
q sistent strength, extensions of traverse to provide adequately spaced control - 


stations can be planned and executed ve very confidently, as has been amply | 


demonstrated i in practice. ae 
«dt is disheartening to discover, during the development of a traverse layout 


control system. . It ‘would seem to be only good judgment to build a: as strongly 
as is possible, rather than to be forced by circumstances to attempt the ration- : 

alization o of disappointment that that could have been avoided. ie al _ 


a: Fig. 4, the basic triangulation net for the City of Minneapolis, is repro-— 
d 


‘ a uced with the kind d permission of Frederick y: Paul, tale Am. Soc. C. E., City 
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JLAR WALLS ON 


‘By M. M. Fitz Hucu, Eso., J. S. MILLER,” EsQ.,, 
AND KARL TERZAGHI,* M. AM. Soc. Cc | ae 


‘marl ond founded ¢ on 1 marl, ‘The term ‘ ‘marl” is s applied to a rather dense, 

greenish, calcareous ial which has the grain-size characteristics of a fine, 


silty” sand but, in an undistrubed : state, the consistency of a stiff clay. bondi 


shipways a are separated : from each other by: a partition wall which also consists 


of a ‘cellular eofferdam. All the ¢ cells a are of the diaphragm type. e. Theh hydro- 


a statie uplift. on the floors of f the shipw: ays i is relieved not only by weep h holes i in 

¢ “the con concrete mat but also, wherever necessary, by sa sand wells that ‘drain the 
subsoil at a considerable ble depth b below. the floors. 
‘The theoretical pri tl 


described elsewhere. connection with the design of new the 


"deflection of the walls and of that to lift the 
- this paper it will be shown that the risk due to such inevitable initial uncertain- 
ties can be e eliminated completely observations during 

"struction, combined w with ‘modifications i in the details of the 1e design as 


= 


GENERAL Layour AND SorL ConpiTIoNs 
The general layout and two typical cross sections through the shipways are 


shown i in Fig. * Ina a . paper | published i in 1943, C. B. Jansen, M. Am. Soc. C. 


Note.—Written comments are invited-for immediate publication; to insure publication the last 
discussion should be submitted by April1,1946. 2 


1 Plant Engr., Newport News Dry Dock and Shipbuilding C Co., Newport News, Va. 
2 Senior Vice-Pres., Dravo Corp., Pittsburgh, Pa. 


* Cons. Engr. and Lecturer, Graduate School of Harvard Univ., Cambridge, Mass. 
 4“Stability and Stiffness of Cellular Cofferdams,” by Karl Terzaghi, Proceedings, Am. Soc. c. E., 


September, 1944, p. 1015. 
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shipways is is flooded and out ‘again. the middle wall must oc- 
‘casionally sustain full water. pressure from one side. Since the e crane-rail 


desirable that the horizontal deflection of the crest of the walls after construc- 
pom should not change by more than a few inches, or 1% of the height of the 
‘The soil conditions are indicated in Figs. 1(b) and 1(c). Prior to con- 
struction the site ¢ of the shipways was occupied by a shallow body of water 
- whose: depth increased from about 5 ft at the shore (eastern) side of the shipway 
“to about 15 ft at the w water front (west side). _ The site of the 2 shipways and the 
adjoining areas were explored by eighteen 2-in. Shelby- tube borings. Before’ 
_ taking each sample the bottom of the hole was 3 cleaned with a soil oil spoon whose 
- diameter was slightly smaller than that of the casing. 4 ‘The samples w were ob- 
tained in 2.5-ft sections and, in exceptional cases, in 5-ft sections. — _ Thesampler | 
was forced into the clay by static pressure. — ~ After recovery the owe ends | of the 
Shelby tube were cleaned and sealed with a metal disk and paraffin. The ‘ 
: samples were shipped i in crates to the Soils Laboratory at Harvard University 
in Cambridge, -Mass., " where they remained in the Shelby tubes until they were , 
tested. The routine tests included determination of the natural water content 


of every 6-in. section of every sample, and of the Atterberg limits and the un- 


confined compressive strengths of representative samples. ay 
The tests showed that the uppermost stratum consisted of dark, silty, 
highly organic clay whose liquid limit ranges between 70 and 110. _ ‘The natural = 
water content is close to the liquid limit and the average unconfined -compress- 
ive is about 0.2 kg per sq cm. North of ee area occupied by the ship- 


about El. 90 at the the shipways to 
about El. 25 or 30 at the west end. - Within the. area covered by the shipways 
the base of the marl stratum is fairly horizontal. Its elevation is between 15 
and 30 ft. Hence, e, the thickness of the marl stratum decreases from about 60 
-ftor 70 ft at the east end to zero near the west end. _ Along its western rim the 

~ marl stratum is separated from the soft black top layer by a bed of fine, loose, 
silty sand. The marl rests on a thick bed of fine, dense, greenish sand with a _— 
‘The marl is a a stiff, greenish soil which contains ini shell fragment, 
‘The grain-size curve of the marl is that of a fine silty sand. ‘Thee coefficient of 7 
permeability i is about 2 x 9 em per sec which i is that of a fine, silty sand with =. ' 
an effective size of about 0.02 mm. Slow triaxial compression tests rsd 

a value of 32° as the angle of internal friction of the marl, which is also the 
angle of friction for a silty sand. i> However, the ) Atterberg limits a are those of a 
silty clay te The plastic li 


“Constructing the by C. B. Jansen, Civil Engineering, July, 1943, 313, ix 
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and 40—in exceptional cases reaching 45. natural water | content ranges” 
between 22 and 34. The apparent contradiction between the results of the 
mechanical analysis and the Atterberg limit tests suggests that the marl is 
completely flocculated. The clay and the fine silt particles are firmly united in. 
hard clusters which behave like sand grains s during the mechanical analysis, 
However, w hen the mar! i is remolded for the purpose | of performing the the Atter- 
berg limit tests, the flocs are » destroye ed and, asa consequence, the character of 
the m marl changes s from that of as sand to that of a clay. This assumption is sup- J 
ported | by the fact that remolding at an unaltered water content reduces the 
coefficient of permeability of the marl to about one thirtieth of its initial value. 
Remolding also reduces the shrinkage limit from about 20 to about 15 and it 
increases the compression index from about 0.05 X 10~* to about 5 x 107° me 
 ° The walls of the | shipways Ww ere designed or on the assumption that the cells 
_ were to be filled with sand and gravel. _ However, immediately before begin- 
“ning construction, the owners and the contractor agreed to fill the cells with 
‘marl because local experience had proved that artificial fills consisting of mar! 
gradually become very stiff and ‘stable. — Since the base of the eastern and 
middle part of the shipway floors is located between 35 ft and 45 ft below the 
original surface of the 1 marl, all the mar! ‘required for ‘filling th the cells became 
: while making the excavation for the shipways. Hence, e, the substi- 
_ tution of marl for sand and gravel involved avery considerable saving. On the 
other hand, it introduced an element of uncer tainty into the design, w hich had to 
be compensated by careful observations in the field during construction and by 


occasional modifications of the design in accordance with the results of the 


= The most vital decision i in connection w: with the d design | of the ne wal alls 
in choosing the depth of penetration of the sheet piles. Ina a previous 


safe ‘unless the bearing ; capacity of the : sheet piles, per unit c of width, is s at least 
equal to 1.5 times the friction between the sheet piles and the fill of the cells, 
per unit of width of the sheet piles. JW hen the shipways were designed, early 
in 1940, this rule ‘was not yet known, and i in the published theories ie the 
ia of cellular cofferdams, the depth of penetration received no considera- 
— tion . Nevertheless, the contractor decided to drive all the sheet piles to firm 
_ bearing, regardless of the depth at which sufficient resistance is encountered. 
The sheet piles for some of the cells were driven t to a depth of more than | 50 ft. 
This precaution is largely responsible for the success of the job : and it discloses 
. remarkable practical judgment. To: make sure that the sheet piles were wel 
anchored and seated the sheet piles were driven at least to the depth at which 
. the driving of test sheet piles required about twenty blows of a single-acting 
steam hammer (5,000-lb ram and 15,000 ft-lb per blow) per foot of penetration. 
In this connection it should be mentioned that a steel s sheet pile which is inter- 


locked with a an adjacent pile offers a greater resistance against driving than 4 
single ome, 
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apes The design of the shipway floor was based on the observation that the 
floors of old dry docks in the vicinity of the new shipway did not heave. _ The ¢ 


- floor of the deepest of these docks i is at El. + 65, or 35 ft below mean tide level. 


is. ‘the e ships. a The floors of these dry docks have never shown a any ‘signs of heav- ~ 
ing, which’ indicates that the upward hydrostatic pressure on the b base of the 
of “marl stratum at about El. 30 (Fig. 1) at the site e of these floors is smaller than © 
p- the weight of the marl. If the floors of the old dry docks were covered, not 
with lagging, but with concrete, they could wat be lifted except by water ac- 
cumulating between the marl and the floors. Such an accident can be pre- 

it. vented easily by weep holes i in the concrete floor. Hence, the ‘designer dupli-- 
ft cated the old floors, except that he replaced the lagging by ap plain ec concrete | 
| mat punctured by weep holes consisting of 4-in. _relief pipes - Prior to pouring © 


"the underwater concrete, the pipes were driven into the marl. _ These pipes are — 
ls E spaced 12 ft on centers on lir lines 4 ft out from \ each wall, and 22 ft on centers on 
-—? lines about 48 ft apart across the shipways.§ 6 The water thet comes out of 
th the weep holes flows into covered drains and discharges into small pump sumps 
ol near the gate structure at the western end of theshipways. = © 
we Consideration of the geological situation at the site of the shipyards indi- ~ 


the cates ¢ that t the conditions determining the danger of heave at the site of the new 
ai) shipways are are by no means necessarily identical with those at the site of the old. 
dry | docks. : First, the distance between the center line of the middle wall of 
the the new - shipways and that of the deepest « of the old dry docks is about 2,350 ft. 
ito Over such a distance the elevation of the base of the marl may vary consider- 
by ably. Second, for a given thickness of the marl the hydrostatic uplift on the 
base of the marl stratum depends on the ratio between the permeability of the 
dS fine green sand and the marl. This ratio also varies from place to place within 
alls | unknown limits. s. Third, part of the hydrostatic uplift « on the base of the marl - 
7 att the site of the old floors may be carried by shearing stresses along vertical 
a planes through the outer boundry of the floors. _ Since the floor of shipway . Ais 
east IE Very much wider than that of either one of the floors of the older. shipways, the 


perimeter shearing resistance unit of area of the floor i is smaller. This: 


arly difference has an important influence on the hydrostatic pressure required to 
| the produce heave. Since the factor of safety of the old floors is unknown, all 
these circumstances had to be considered as potential sources ofdanger, 
firm | In connection with shipway B, the design of the floor on the basis of local 
wal precedent : involved an additional risk because, during the period from the un- 
0 ft. watering of the shipway to the placing of concrete to ‘the finished floor level, — 
loses the surface of the concrete floor was located at El. 55, or 10 ft below the wd 
od of the old fi floors. _ This situation was without any precedent a at the site of the 
shich shipway floors. , Te make sure that the floor would not heave while the shipway _ 
cting B88" unwatered for the first time, the piezometric pressure in the pore water was : 


nter- of shipway B at different stages s of unwatering. Ther results of the » observations © , 
san 2 & “fe used to estimate in advance the hydrostatic pressure condition for —— 7 


—_ a the Shipways,” by C. B. Jansen, Civil Engineering, July, 1943, p. 310. we 
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drawdown. if pressure ever to become ¢ excessive, it can be. Te 
by means of sand wells before the shipway i is 


(or longer). The tops of all the piles were notched. and in n the conerete 


Toads | to be ‘carried by ‘the piles while ships a are being built « or repaired in the 
shipways. Each pile i is assigned a maximum load of 20 tons. 

The shipw ways are served by cranes that travel on tracks pars parallel to the 
"i center line of the shipways. 7 Each crane rail rests on the crest of a saerens 


The specifications required that the space behind the north and south walls 
a the shipways be filled toa distance of about 300 ft from each wall up to El, 


and beyond 300 ft to EL 104. western face of the backfill north of 
shipway B is supported by a cofferdam consisting of cylindrical cells with a a 
diameter of 51 ft. ‘This is known as the north bulkhead (Fig. bulk- 

1% head is remarkable inasmuch as it was constructed under exceptionally un- 


a favorable ‘soil conditions and no attempt was : made to consolidate the maul i in 


any of the cells except the closure cell. - The results « of the observations on the 


The process of ‘constructing the cofferdam and the construction equipment at 


have been described by Mr. Jansen. Within the a area to be occupied byt the insi 


> 


i shipway floors the marl was ‘excavated by a heavy- duty dredging clamshell rem 
bucket operated from a derrick boat. : It was either deposited directly in the pane 
“cells or rehandled by barge and again by clamshell. In some instances the ‘shir 

marl dropped out of the bucket in one big chunk, but it broke u up into 
) small lumps. During the first weeks after a cell was filled, the fill consisted of B cau 
‘stiff: chunks embedded in a | matrix y which was SO soft that it offered very little ; “frie 
resistance to the penetration of a man’s finger. The sides, even of shallow teat “eres 
pits, had to be braced. — The soil for filling | thes space behind the south wall was tor 


 arereatp by a suction dredge i in a shallow borrow pit north of the a area a 


<< of the south wall. The fill fill consisted of ‘clay | balls ow a diameter of a about 4i in. 


that it. to walk on its surface. pw lp 4 ‘all 


While the highest part of the a of the fill was still 4 it 
final | grade, the crest of the eastern part of the south wall adjoining the | fill 
a moved about 3 in. inward. vd During the > following \ weeks, with the elevation of 
- the top of the fill r remaining x unchanged, the greatest deflection of this wall i in- 


mari at the site of the shipways. filling ventions started at the east end the 
7 “Constructing the Shipways,” by C. B. Jansen, Civil Engineering, July, 1943, Fig. 2 2, 1D. 311. ma | 
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creased: to more Bi in., a 


“sequent driving of some of —_ for supporting the track for ‘the Sf 
"cranes s south of the south wall further increased the greatest deflection to more __ 
4 b, Fig. 2, and the deftecti dt _ 
- than 7 in. in., , as shown i in curve b, Fig. 2, and th e ion continue dtoincreass 


Curve b; Wood Piles Driven: 
¥ Curve a; Clay Fill to a 
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‘Wall Deflection, in Inches 


~ 


| at constant rw pressure on the wall at a considerable r: rate; e; yet the 
inside of the south wall was still acted 1 upon by full water pressure. 3 - Since rnd 


creasingly ‘doubtful whether the wall would s survive ‘unwatering the adjoining 
‘The excessive deflection of the wall was obviously due to two independent 


friction in the hydraulic fill. To remedy the situation it was decided to 


crease the stiffness of the mari fill in the cells by compaction and draina ge ‘and 


Replacement of the hydraulic fill fill by gravel offered an opport tunity for a 


the gravel. | ‘Fig. 3, which is a vertical section through the gravel fill, shows that 
the e gravel rests. on marl and is covered with marl whose permeability i is very 
low. After the east end of the gravel pocket also had been covered with marl, | 
it t was possible to maintain the water level in the gravel pocket adjoining the 
south wall, with a total length of almost 1,000 ft, at 20 ft below mean tide level 


by pumping not more than 0.5 gal per sec. : This ¢ quantity is 80 ‘small that tit 
was later decided to divert the water from the gravel pockets, by | pipes s through — 
- the cellular walls, into the shipways- and to pump it out of the sumps that 


collected the leakage f rom the weep holes and gate “eae 
a he effects of the partial replacement of the clay backfill by a gaval’t fill, 
and of draining the gravel pockets on the unbalanced horizontal pressure and — 


‘on the overturning moment, are illustrated by Table 1. Line 1, Table 1, con- 
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tains the values corresponding to the original conditions, and lines 2 and 3 in wl 
contain those corres ondin to the modified oil 2 

| 7, y WY y 


Hydraulic 
Fill 


Cleaned 
artificial Fill ' Of Undisturbed Marl 


» 


“TABLE 1. OF DRAINAGE AND REPLACEMENT OF 

RIZ AL FRESSURE VERTURNING OMENT a y 
with black dley......) 128 | 1,605 alte 

Water in the gravel pocket at El. 80. . 325 441 
3 The estimate of the values contained i in Table 1 was b based on the following 1 
which were determined in the laboratory: 

Pounds per 

Submerged dark clay backfill............ 48 


_ The active earth pressure pa on the wall was computed by means of Rankine’s 


e: 


— 

— 
= 
— 
| 

ae 
— 

a 


in | which: p is the angle of internal friction; p is the vertical unit: pressure in the 


soil at any depth; and N = 1.00 for the black clay backfill (original condition), a 
and N= 0. for the gravel. simplify the computation it was assumed 


| ail that the top surface of the. gravel pockets i is located at El. 100 and not at El. 94 a 


te 


as shown in Fig. 3. Since the space between El. 94 and El. 100 was occupied 
by a marl fill subject to rapid consolidation between two 


backfill between El. 100 and El. 108 acts on the lower strata Like : a alii , 
distributed | surcharge of 960 lb per sq ft. _ The horizontal pressure exerted by » 
the mar! itself, above El. 100, has been disregarded because it is almost e equal | 
to zero. . The active earth pressure of the marl in situ north of the north wall . 
below El. 65 was disregarded because, in a natural state, the marl i is very stiff. 
 Shipway_ A was unwatered in 1 August, 1941, according to pre program. At that 
time the south wall was not yet backfilled and, as a consequence, , it was acted ; 
upon by water pressure only. While the shipway r was empty the deflection of 
the western part ¢ of the middle wall continued to increase very considerably at a. 
constant horizontal pressure on the wall. To stop the movement a temporary 
support was constructed as described subsequently herein. 
WwW hile the water was s being pumped « out of shipway B, in January, 1942, the 
pressure-gage observations indicated exceptionally high | piezometric levels” 
the base of the marl beneath the eastern part of the 2 shipway. This pressure 
was relieved temporarily by installing shallow sand wells (low er end at about 
‘EL 20) ere At a later date, after the shipway had been in operation for more than 
a ‘a year, the provisional sand wells were replaced. by ‘permanent ones s whose 
lower end is located at about El. 0. 
ee Since January, | 1942, observations have shown that | the average m movement 
‘of the crest of the wall due to the application of full water pressure 
alternately from the north and the south remains within a range of less than 3 
in. which, from a practical ; point ¢ of view, is negligible. This result indicates | 
that the attempt to ec consolidate the fli in ‘the cells was successful. ptm wis erg 


BSERVATIONS D RIN GA D TI 
rons Du NG A ND AFTER ( ConstRuc 


The of the crest of the were about once every 
two weeks by measuring th the offset of each cell from a base | line. One base line 
was: established for or every y wall. Observations o on the short north-south walls” 
were begun but were soon discontinued because it became evident that the 
“deflection of these walls is very small compared with that of the long east-west 
ee The deflection observations were ere supplemented by the measurement of the » 
Tength of the upper edge of all the cross- -walls of all all the cells immediately ai after 

filling 1 the cells with marl, after er driving the wooden piles, and after driving the the 
ote piles that were used for consolidating the fill in the cells. s. After shipway _ : 
A was unwatered, the deformation of the inner walls of several: cells of the the 
adjoining was surveyed carefully. The survey was repeated ona 
- cells of the middle wall after shipway B had also been pumped out. > ell 7 
Several months before shipway B was unwatered, seventeen pressure gages 


of the Bourdon type v were re installed i in shipway A to » obtain n some information re- . 


335 
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% 
| 
“6 aie the distribution of the s pore-water pressure through the nt of the 
shipway; thirteen of these | gages were connected with observation points located 
Lage at a onreien depth below the shipway floor and four were connected with points 
beneath the base of the marl stratum, at about El. 25. A short time 
before shipway B was unwatered, six gages were installed to measure the hydro. | 
_ static pressure at the base of the marl beneath shipway B and, in addition, 
four 6-in. observation wells were drilled from the crest of the | north and the 
middle | wall — the fill in the cells and the marl stratum into the fine, 


‘After was finished the on middle and 

Ky wall were repeated—(a) before one of the two adjoining shipways was flooded, 7 _ 
() several times while it was flooded, and (c) ‘several times after it was un- whi 

watered. The temporary pressure-gage installation was replaced by a fill. 
_ ‘nent one, of thirty-one pressure gages, which furnishes fairly complete informa- bet 


tion on the pressure conditions at the base of the shipway floors. The) well | 
observations were discontinued, because the results cannot be relied upon 
ee the hydrostatic pressure conditions change very slowly. All the other 
observations will be continued until there is ample evidence that the. elastic 
properties of the walls and the of their base have become practi-- 


Pin CoMPACTION OF FILL IN CELLS 


ite Since compaction of a saturated soil requires the expulsion of - pore water, 
the efficacy of any y attempt to compact a mass of saturated soil by mechanical 
means in a short time depends o on the permeability ‘of the soil. . One of the most. | 
expedient m means of compacting saturated relatively permeable soil consists in i] 
rs ramming sand or r gravel into it. This method has been practiced for centuries 
in marsh lands. If the sand is rammed into holes made by driving piles or 
tubes into the ‘ground, the columns of sand thus obtained are known as sand 
piles. The y process of r ramming increases, temporarily, the y pressure in ‘the soil : 
; ——— the seat of the, successive impacts and the excess water can escape — 
ina a horizontal direction into the voids of the : sand piles. By bailing or pump- 
ing 1g from the sand piles for several weeks after their installation, simple gravity 
7 5 ‘drainage is is added to the effect of the drainage produced by driving the sand 
till the permeability of a soil is as low as that of a fine silt or clay , driving — 
a - sand piles ir into it t merely causes the soil to rise between the sand piles with 
almost no change in water content and the process of subsequent gravity 
_ drainage is too slow to be of practical value. OA failure to consolidate a clay | 
fill in cells by gravity drainage was experienced on the cofferdam used for 
raising the Maine. The fill consisted of sandy to heavy clay y excavated | by 
means of a hydraulic dredge. it In some cells the water was pumped from 3- ft 
i by 3-ft shafts and in others from 8-in. wells with perforated | walls;*-* yet t the. 


effect of pumping was disappointing. In the process of drainage toward wells 


Engineering Record, Vol. 63, 1911, pp. 548-549. 


Discussion by D. A. Watt of ‘‘Unusual Coffer-Dam for 1, 000-Foot Pier, New York City,” by Charles 


Staniford, Transactions, 8, Am. Soc. C. Vol. ol. LXXXI ( (December, 1917), Pe 544. net 


Now 
of d 
gant 
4 
chu 
* 

— 

— 

— 
— - 
4 3 | 
Le 
a 

— 
4 
P 
fl 
— t 

— 

3 


November, 1945 ‘CELLULAR WALLS 


he hydraulic gradient is maintained very much longer than during the process e 4 
of driving sand into the soil. Hence, if bailing from filter wells fails to 


tically certain that the driving <a 

ws The | fill i in n the « cells of the shipways s consisted of stiff chunks of marl embed- . 
ded in a soft matrix. The sole purpose of compaction was to weld the stiff 
chunks together by driving the excess water out of the matrix. Owing to the 
peculiar properties of the marl, the matrix seemed permeable enough to permit 
fairly rapid drainage. a Therefore, it was decided to try the sand-pile procedure, a 
and experience showed that the decision was justified. 


Raspes sand pile is s inevitably surrounded by a a mantle of remolded marl | 


In order to establish, within the fll, a large unobstructed area of contact ce 
Tain: fill and drain in addition to the partly obstructed area of contact with a : * 
the sand piles the in ‘4 was adopted. Fig. 4 (a) is is 


Baller Pi r Pipe 108 


E1 101.5 


LLS 122 T 


_ avertical section through the cells of the middle part of the north wall and Fig. 


.” 4(b) i is a section through the closure cells at the west end of this wall. Each > ng 

i ‘cell contains a central bailing 1g well and one (Fig. 4(a)) or three (Fig. 4(6)) gravel so 
pockets. Prior to placing the gravel for the pockets, marl was s dumped into 

the cell along the inner and outer sheet-pile wall to intercept free « communica- | 


r 


- tion between the gravel pockets and the open seams in the locks of the sheet- 
pile walls. — During the ‘filling operations the site for the bailing well was oc- 
‘cupied by a a 12-in. ¢ casing whose lower end rested on the surface of the lowest _ 
layer of gravel. After the cell had been filled with marl, a 4-in. bailer pipe was 5 
lowered in into the 12-in. casing; the space between the two casings was filled : 
with gravel; and the outer casing was ‘pulled. . The next step consisted in 
“driving the sand piles, as described elsewhere by Mr. Jansen. 6 The driving of | 
‘Additional sand piles was discontinued when the total number of blows re- 


irive the shells for the piles (12-in. tubes with capped be- 
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came wunan to 5, 000. _ For the north wall, whose cells contained a softer fill _ 
than the other walls, 6, were specified. 
iy Immediately after a sand pile was installed the voids in the sand wae 


empty. However, | ‘as soon as the next pile was driven, the sand pile became 
: saturated, and the water flowed out of the sand and ——— -_ surface of the 


South Wall Middle Wall ————— No. - North Wall 


matrix in the fill. After the first sand pile was installed, bailing from the well 


=, 


(Quantity of Water {| 
___ Bailed, in Gallons 
Day and per Cell) 


Content (%) 


Average Wate 


Pockets 


Re 


qo= 78 - 1559, 860 
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q,=15- Average,45 = 16-405, Average, 97 


‘4 
Re B_ Lower Half of Cell Filled C Directly from Shipway; Remainder from Borrow Pit. 

Entire Fill Taken from Borrow Pits 
Random Mixture,50% Marl+50% Gravel 


“<a b Central Sand Pile Cluster+Single Sand Piles 
Sand Piles+Gravel Pockets as Shown in Fig. 4 


Water Content of Marl After Deposition 
ot 


kept of the quantity c of water from each 


cell ll per day. They showed that the inflow into each well decreased at a =“ 
rate. After about three weeks the inflow became constant, which 


indicated that the water content of the fill ceased to decrease. 4 Hence, about — 
ten days later bailing from this cell was discontinued. — _ Information regarding - 


eis A anaes flow toward the wells can be maintained only by seepage from 
_ permanent sources of water into the cells, partly through the marl stratum — 
which constitutes the base of the fill i in the cells and partly through the locks of 
the sheet piles. Approximate. computations flow-net 


the initial and the final rate of flow toward the wells is at the bottom at 


Feet 


Elevation, in 
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“indicated th that the sane rate of flow and the measured sl sitll 

can be accounted for only by assuming that the loss of head associated with 
the percolation of the water ACTOSS | thes rows of sheet piles was negligible.‘ Zz 
Pet In order. to collect information on the effect of the sand piles on the water 7 
content of the marl fill in the cells, 22 Shelby-tube borings were made from the q 
top: of the dam to the base of the fil fill vioropesy #F ‘From each hole a continuous ~ 


3 


= 


Elevation, in Feet 


— 


First Boring; Oct. 23, 1941 


=) 


ie ‘Water Content, in in Percentage 0 of Dry Weight 


of 2-in. ft long, was recovered. In the cells of of the north 2 wall 
~ the borings were made i in duplicate, one immediately a after the cells were fil filled 
and o1 one after bailing ° was discontinued. 7 Fig. 6 shows the results of the water 
‘content and Atterberg limit determination f for cell No. 108 i in 1 the north wall. 
Before the: sand piles were installed tl the water content ¢ of | many samples was 
‘above the liquid limit. After consolidation the average water content 
Bn roughly equal to that of the parent material in its original state. | «Fig. 5 
represents a digest of f the results of of the tests and d observations. ' Lae abhi ; 
_ After a all the cells were filled and drained, test shafts were excavated in six _ 
“ealls ¢ of the south, 1, middle, and north walls from El. 72 to El. 75. In all these ; 
shafts | the marl sonanel to be very | firm and the matrix (which, at the outset, 7 


was, a source of had become as as firm the undistrabed 
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Fig. 7 is a simplified vertical section through the middle well hind’ the 


: a joining shipways A and B, The shipway floors are tied to the foundation piles 2 


7 and the sum of the resistance of the individual piles against pulling i is consider- 
oa ably greater than the weight of the soil between the piles. _ Therefore, the floors | 
7 _— cannot be lifted without lifting, simultaneously, the major part of the body of 


E161 | 
5 


Secrion THROUGH THE .- 


soil between the 


be pulled o out of of the secminding soil. ned 

-/ tial plane of separation between the s stationary 1 mass of soil and the mass ‘that 
goes up with the piles is 3 ft above the level of the points of the piles. This 

plane will be. referred to as | the “plane of separation.” Iti is further assumed 
that the piezometric levels at the plane of separation are identical with those 

at the points at which the water pressure is being measured. _ These points are 

- located at some distance above or below the plane of separation. _ Nevertheless 
the » preceding | assumption i is justified | because the observations on the shallow 
_ gages have shown that the hydraulic gradient in a vertical direction is very 


In the following p: equals total submerged weight -of soil, concrete, and 


floor (total weight reduced by full hydrostatic uplift), in pounds per 


& of the shipway floor; h equals hydrostatic head with reference to shipway 


floor. (difference between the elevation of the piezometric level and the eleva- 


tion of the shipway floor); H equals vertical distance between the plane of 


separation and the shipway floor; and equals unit weight of water. The 
- force th that tends to lift the submerged mass of soil and concrete above ‘the eee 


ee separation i is h Ye ‘and the force that resists this tendency is p: pe per ‘unit of - 
> 


: é area. Therefore, the factor of safety with respect to a rise of the floor is equal 


— 
« 
Me 
— 
— 
— 
¥ 
ev 
a 
— 
1 
INS at 
— 
62 
Tes 
4 
— 
ing 
“cal 
201 
— ahi 
‘the 
| 
— 
=z 
of 


or provided the shipway is empty. y. If they water Tises in the shipway to an eleva- 4 
tion above ‘the floor, the 1 resistin force remains unchanged while the 

hy a gi 
decreases from h yu to (h — Mi) Yu. Hence, ‘ad 
When computing the resisting unit force Pt was assumed that the unit 
~ weight of the c concrete is s equal to 156 lb per cu ft and that of the saturated marl 


- 110 lb per cu ft Since it was found that the water escaping from the weep 
holes and sand wells i is fresh, ‘it was assumed that the unit weight of the water ay é1 
is equal to 62.4 lb per cu ft. . The numerical values of the elevations of the a 
boundaries between different materials are given in Fig. 7. 
7 ie shipway A A the points o of the piles are at El. 26, the plane of separation at 
H. 29, the base of the concrete at El. 57. 2, and the surface of the concrete at > “4 
El. 65; whence, , Pe = 28.2 X 110 + 7.8 X 156 — 36 X 62.4 = 2,080 lb per 
In shipway B the points of the piles are at El. 17, the plane of separation 
at El. 20, the base of the concrete 


at EL. 49. 3, and the surface of the 


concrete at El. 57; whence, 
X 110 +7 x 156 — 37 
62.4 = 2, 110 Ib p per sq ft. 4 Pe 


ily ‘the relation betw een the elevation 
on- of the piezometric level and the cor- 4 80 
‘responding factor of safety G, for | 
the floor of the empty shipway A, wh: | 
and Cy represents the correspond- 3 7 


relation for the empty shipway 

B. By means of these curves one bce e 
can determine, for any given pie- 
zometric elevation, and without any is 
factor of safety G G, of 
and Way floor, provided the shipway i 


1G. 8.—RELATION BeTweEN THE ELEVATION OF THB > 
way the floor, the corresponding G, can Prezomerer Leven AND THE Factor OF 


> of Pi ‘Fig. 8 shows that the danger « of a aaa of ‘the foe of shipway A does not 
The “atise e under any conditions of operation. _ However, for shipway B both the | | 
jane theoretical data g given in Fig. 8 and the observations during the 
+t of «watering shipway B in January, 1942, indicated that the ultimate factor of 


“safety with respect t to the heave of the floor or at the east end of ' shipway B would 
considerably smaller ‘than 1.5. To increase the factor of safety for this 
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OF openings in the eastern p 
i mar! into the greenish sand to about El. 20. 0. Then th the interior of the pipe ran 
_ emptied by means of an air jet + and the pipe v was pulled. _ While pulling the 
~ pipe its lower end was always kept full of coarse sand. T hus & vertical drain 
was formed with its lower end at about El. 20 | 
After: shipway B was completely out the temporary system of 
_ pressure gages was replaced by a permanent o ne comprising thirty-one ¢g gages. 


The observation points were be beneath the base of the marl, at about: El. 25. I 


Flooded 


Flooded 


We 
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Fig. 9.—Curves or Eqvat ELEVATION 


‘= 


lama shipway B was pumped ¢ out for the | first time. The location « of each gage 


is marked by a small circle. ‘The diagram indicates a a fairly steep hydraulic 
gradient from the land end (east) toward the outboard end. Furthermore, 
the water that escaped from the ‘weep holes was fresh. ‘These observations 
show that the seepage into the shipways is ground v water fi - from the land side and 
ata The total leakage through ‘the weep holes (630 gal per hr) was einen times 
sve than the « quantity computed on the assumption that the water flows 
toward the concrete floor only through the marl. E This finding indicates that 


‘7 a considerable part « of th the leakage follows 1 the rows of sheet piles in a vertical 

ty As often | as a ‘shipway is is filled with water r, the > hydrostatic pressure at the, 

base of the marl stratum “goes up, but subsequent unwatering reduces it again 

to the initial value. ? The time lag between the change of the water level in the 

shipway and the corresponding change > of | the pore- -water pressure at the | base 


of the marl beneath the adjoining shipway is is very small. ‘It can be accounted 
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pres level in the observation Ww plainly discloses the lag due to he 


wember, 1945 


‘unaltered total pre pressure during the filling ‘of the: shipway and subsequent slight 
while the shipway is again being pumped out. Fig. 10 shows 
the effect of flooding and unwatering shipway B on the readings of two of the 
“gages i in shipway A and on the’ water level in an observation well in the north 7 


wall. | _ The abscissas represent the time; the ordinates of curve (1) indicate the 
110 


ag 
oad 
wrk 


Gage Readings 


15 
q = a i 


“resistance against ; the flow of the water into and out of the ' well. ~ On account: 

this lag the well readings cannot be relied upon unless the hydrostatic 
- ‘Fig. 9(b) shows the curves of equal piezometric level at the base of the marl 
‘eneath shipway B while shipway A was flooded in April, 1943. In the vicinity 

of the east end of the shipway the piezometric elevation ranged between 80 and 

According to Fig. the corresponding factor of with respect to 
heave ‘Tanges between 1.4 -1, which is close to ‘unity In order 


steel disk. “> jack pressure required to force the dates casing to a depth 


of about 50 ft into the stiff soil was about 12, 000 lb. sable 


he 
E165 
water level in shipway B and those of curves (2) an the piezometric levels 
age 
ulic 
ons 
and 
mes 
7 
hat 
— 
the, 5 in the western end of shipway B (see Fig. 9(c)). _ Their lower ends are at about — x ree 
El. 0. To construct these wells, 3-in. extra-heavy casings were jacked intothe 
the 
pase 


lll 


=e 
— hai a ili was jacked to o the required depth, if its interior was filled with § cell I 
“e pea gravel at a ‘compressed air pressure of about 20 lb per sq in.; then the casing § the fi 
; =e was pulled. — _ The compressed air prevented the walls of the hole from collapsing § «ill 
~~ the pea gravel was dropping out of t the casing: into the hole. The steel § Since 


2 plate that plugged the lower end of the casing during jacking remained in the ae 


| - ground. _ After each well had been installed, the discharge was measured with 
water ‘meter that was attached temporarily to the upper e end of the well, 
_ Immediately after installing the well the discharge wa was greater than 20 gal per 


hr. It decreased at a decreasing rate and after about one week the discharge 
of ‘every well became fairly | constant and equal to about 15 gal per I hr. The 
be 7 average discharge from the w weep ep holes was less than 1 gal ; per hr per weep hole, 


The curves of equal piezometric elevation after the installation of all the wells, 


in January, 1944, are shown i in Fig. 9(c). = Although ‘all the wells are close to 

the eastern end of shipway B, they reduce the piezometric elevation over the 
- entire area covered by both shipways by about 5 ft. | This was d due to the fact 
that the wells : intercepted the flow of seepage at the place where it entered the 
_ soil beneath the shipway floors. — . In the eastern part of the shipway, where the 
; Margin of safety with respect to a heave of the floor was too narrow, the 
safety requirements ar are 1 ‘now w more than Fig. 9(d) the 

curves of equal piezometric head in June, 1944, while shipway A was flooded. 
Bye comparing Fig. 10(d) to 10(6) it can an be seen th that the sand wells i in- 


more than 2. 


DEFLECTION “AnD Exastic PROPERTIES OF ‘Tue Watts» 
‘Fig. n represents the deflection of the crest of each of the three east-west | 
walls immediately after the wall was acted upon for the first time by one-sided J 
. water pressure. The cause of the characteristic W-shape of the deflection 
gurves has been discussed elsewhere. _ Referring to Fig. 11(@), on November 
* 20, 1941, the top of the fill was at about El. 100 and the gravel pocket was as still 


filled with water. The excessive deflection of the eastern part of the south wall J 


a ye isd due to the permanent deflection produced by the lateral pressure exerted by 

the clay backfill, prior to the removal of this fill and to the consolidation of the 

- : marl fill in the cells. The deflections that occurred after these events 3 are 

Tepresented by the ordinates of curve B, Fig. /11(a). are greatest near 

the western end where the closure cells are located. _ The excessive deflection 

of the cells near the west end of the middle wall is is due to to the. fact that the fill in 
these: cells rests on soft mud, * whereas that in the other cells rests on stiff marl. : 
The effect of the compressibility | of the | base of the fill on the deflection of 4 
cofferdams has been analyzed elsewhere. in 
= The most instructive data were obtained from observations on the middle ba 
wall which is acted upon by water pressure either from the 


the unbalanced pressure e and the deflection for cell No. 75, ‘at which 
the deflection of the middle wall was greatest. Shipway A was pumped out in 
August, 1941, , while shipway B was still flooded (curve ab). During the first 
x twelve days after r shipway A had been completely emptied, the deflection of : 
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height of the: walli in the proximity of cell No. 15 by means of a a concrete 1 
ll, C in Fig. 12(d), with a height of 2 ft, , bearing against the foot of the wal, a 


Since the deflections continued to increase, although at a lesser rate, as ‘shown 


Ne 20, 1941 


__ (B) Increase of 
During and After Unwatering — 
and Until Nov 20, 1941- 


5 No.75 


(b) MIDDLE 


Zh 


Cells 


ot 


in Fi 1g. 120), the movement was stopped by | struts which transferred the un- 
balanced pressure on to the | floor of shipway A. Bee, 


The unwatering of B, in 1942, caused this wall into 
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hich 
tin gded wa oading produced by the application and subse 
first sided water pressure. This first cycle (Augu + quent removal of one- 
nof followed by two others in March, one in A to January, 1942) was 
produced by the first cycle in March and b th ti “a 
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November, 194 1945 CELLULAR W WALLS 1347, 
November are represented by the hysteresis loops Ch » (blank) Cy (shaded 
area), respectively. %: Finally, i in April, 1943, shipway A was filled while B was = 
Cell N No. 75 is one of those cells of the middle wall i in which the fill fill rests ts on 
mud. For ¢ comparison, the effect of ‘eyclic loading o: on a cell with a stiff marl 
pase (cell No. 49) is shown in Fig. 12(a) by dashed lines. _ The deflection pro- at 
duced by the first application of the one-sided \ water ‘pressure on either cell 
No. 75 or cell No. 49 was much ; greater than that produced by a1 any of the follow-. 
ing applications. r Similarly, the recovery of both cells due to the first removal — 
of the horizontal pressure was much greater than that due to the following ones. | 
‘These differences indicate a < considerable increase of the stiffness of the middle > ; 
yall between January and March, 1942. > It is most likely due to a combina- 
tion of several causes, including ‘additional consolidation of the fill i in the cells : ; 
caused by pumping o out both a adjoining , shipways, increase of lock friction due to _ 
rusting, and increase of stiffness of the marl fill by aging. 


AANA 


The data represented 1 in Fig. 12 perm a rough of the average 
nodulus of elasticity of the middle wall. If 7, , represents the. average shearing ~ 
stress at the base of the wall and @ denotes the angular deflection - a cell, the 


average modult modulus of in shear for the cell i 


According to. the | laws of 1 wn the modulus of aeiinina: E for materials 
with a Poisson ratio of 0.25 to 0.5 ranges between 2 G and 2. 5 G. The angular 
deflection of cell No. 49 due to the overturning moment M = 630 kip-ft per ft 
was 0.00195. _ On the basis of this value, the ‘modulus o of elasticity of the middle 
wall at cell No. 49 is s approximately 190 tons per sq ft. The E-value for a clay 
vith the stiffness of the marl ranges between 50 and 100 tons per sq ft. The 


| was ‘computed for the middle wall, with respect to failure due to one- ‘sided 


| which are located in this | plane. . The re resisting moment M, due to the lock 


‘been shown | further that the overturning moment tends to pull the 


oe for a double-wall sheet-pile cofferdam i is strictly equal to that of the 
fll. Hence, the average deflection of such a cofferdam would be from two to 
four times greater than that of a cellular cofferdam with equal dimensions. 
The difference i is due almost exclusively to the lock - friction ir in the cross-ws walls. 
a To supplement ‘the results of the field observations the factor of safety GC, 


water pressure ° with one of the adjoining shipways flooded and the other empty. 
Ina previous paper! it has been shown that a cellular, -cofferdam fails as soon 
as the shearing force on the neutral vertical plane of the dam becomes equal to 
the sum of the shearing resistance of the fill and of th the friction in the locks — 


friction can be computed on the assumption that the shearing resistance of the 
fill is zero. To fo compute the resisting moment M; due to the shearing resistance — 
of the clay i it must be assumed that the lock friction is zero. The total resisting — 

J M, per unit of length of the damisthenequalto 
4 


sheet piles on the water side out of the gr ground and to nuh those on on the land > 1% 
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ELLULAR WALL! 
ie into the en at the instant nt of failure of _— aia by shear the 


a force that a acts on the sheet piles becomes equal to v;, pte unit of width of the 


coefficient of f has not yet t been reliably determined, 
Hence, when computing the numerical value of the factor of safety G,, two 
: extreme v values, 0.2 and 0.3, were » assigned tof. Finally, it was assumed that 
= +e the fill in the cells rests son a solid base. For the eastern and the middle part of 


ws +. wall this assumption i is justified. re However, in the western | part of the wall 


“ing - to theory ‘ this condition reduces the factor of safety considerably any it 
accounts for the excessive deflection of this part « of the wall, shown in F igs. ll 
indicates the overturning moment produced by the one-sided water 
_ pressure and M, the resisting moment given by Eq. 4, the factor of safety c of 
the wall is determined by the the equation 


a ee - he (a) For the case of water pressure from the north: M, = 418 (f = 0.2) to 
+‘ 625 (f = 0.3) kip-ft per ft; My; = 486 kip-ft per ft; M = 454 kip-ft per ft; and 


aa safety factor G, = 2.00 (f = 0. 2) to 2.45 of = 0. 3). _ On the water side of the 
: i neutral plane the sheet piles were pulled at the instant of failure with a force of | 
v= (f = 0.2) to 22.6 (f 3) ‘ips per f ft. On the shipway side they 
a were pressed down with the same force. - The ‘resistance of the piles against 
pulling or pushing was considerably greater than these values. ‘Day Ses 
For the case of ‘water | pressure from the south: M, = 516 = 0. .2) to 


775 = = 0. 3) kip-ft- per ft; M; = 532 kip-ft per ; M = = 562 kip-ft per ft; 
iq oR - G, = 1.86 (f = 0.2) to 2.82 (f = 0.3); and V, = 21.2(f = 0.2) to 26.5 (f = 03) 


- At the instant of failure the the shearing stresses at at the tenis of the fil 

would still be « considerably smaller than the shearing strength of t the > clay. 
Hence, the failure’ would occur while the distribution of the pressure 0 on the 
he base of the fill is still fairly uniform. . In both the loading cases (a) and (b) the 
overturning moment M produced by the one- sided water pressure is 5 either 
ee _ slightly greater. (if f= 0.2) or considerably smaller (if f =0. 3) than that part, 


My of the total resisting moment of the wall which could be carried if nec- 


= y ‘The e steel shell of the cells consists of straight-web, steel sheet ‘piles 3s with a 
pe web 1/2 in. thick. Fig. 13 is a section through a lock and Fig. 14 represents the 
a _Telation between lock tension and unit t elongation i in the ‘direction of the tensile le 
ee =: force. ce. ‘The height ¢ of the specimen 1 measured in the direction of the. locks was 
— as 2in. One of the ten specimens tested failed in the web, and the others failed 
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4 CELLULAR WALLS 

| in lie — or thumb at Stresses ranging between 17, 750 and 20, 950 Ib per i 
According to ‘Fig. 14 the failure strain is about 3. 5%. . Because of the small . 
height of the specimen, the initial play i in the lock was ‘negligible. . The initial a 
play in the locks of a row of sheet piles is about 1/4 in. which increases the ; 
strain at failure i in the direction ‘ 
hoop tension from 3. 5% to about 5%. It 
should be noticed that. the stress-strain 
curve in . Fig. 14 is almost horizontal be- 
tween a a stress of about 5,000 and 10,000 m 

The process of driving the sheet piles 
was described by Mr. Jansen.® short time was amped 
out, it was discovered that a pair of sheet piles was driven out of groove, po 
HL 60, in each of four cells of the middle wall. Considering the fact that the “ 


LEGEND = that the marl was stiff, this record 
x Carnegie M113 repaired easily by concreting the 
shipway floor to a distance of 20 
| ft from each end of 
| section an east-west 
| i and to a distance of 20 ft to nig > 
north of it in advance of the. 
0 mainder of the shipway floors. 
driving all the piles to be located 
To fe form some of he: deformation of the steel walls of the 
the following observations were made by the Dravo Corporation: Measurement _- 
of the length of the upper edge of of the cross-walls of every cell after each opera- _ 
tion which might change the tension in 1 these walls; ‘survey of the shape « of two _ 
Y-piles and of the sheet piles at the middle third d points of the arcs on the inside ; 
of cells No. 15 and No. 313 in the south wall, immediately aftet shipway A . 
pumped out and a few weeks later, after the piles for supporting the crane track 
south of the wall were driven; survey of the shape of two Y-piles, of the center 
sheet of the : are and of horizontal sections through the arc at El. . 68 and El. 
on cells No. 5 (south wall), Nos. 72 and 73 (middle wall), about three weeks = 
after shipway A was pumped ¢ out and on cell No. 120 (north wall) about: two a 
weeks after unw nwatering | shipway B; survey of the entire shape of cell No. 53 om 
(middle wall), two weeks after shipway B was pumped out; survey of the south — 
face of cells Nos. 113, 116, and 124 of the north | wall and of both faces of the 
cell No. 75 (middle wall), four months : after shipway B was s pumped out. 
Table 2 contains the average elongation of the upper edge of the cross-walls, 


as well as the range of the extreme values. _ The table shows that the driving of a — 


Wood and sand piles nearly | doubled the: elongation : and increased the elongation — 
of most of the cross-walls to more than 2%. It should be noticed that me . 
driving of sand piles increased the elongation ‘much less than the driving of oe aie 
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sig “TABLE 2.—ELONGATION OF ‘THE OF THE Cross-Watts 


ini 9 Nos. 1 To Nos. 41 70 ‘Cais Nos. 86 to 125 


riving sand piles........... 0.604 l6to O 5 to —0.6 


Position of Sheet Piles . 


‘Real Zero Point: 
West Y-Pi 
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‘Ria. 15.—CHANGE IN THE SHAPE OF THE CELLS OF THE MIppLE WALL 


piles: yet the by the sand piles is that dis- 
; placed by the wood piles. _ ‘These facts suggest that the driving of wood piles 
ane the lock tension to a value greater than 5,000 lb per in. ‘at which the 


stress- elongation curve in Fig. 14 flattens out also that the lock 
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CELLULAR WALLS 


-™ prior to dning 4 the wood piles was appreciably smaller ‘than 5 5, 000 1 Ib 7 
om. The change. of the shape of the cells caused by an unbalanced horizontal 
~pressure- is ‘illustrated by ‘Fig. In each case e the solid lit line indicates the 
shape and position of the outer edges of one of the cross-walls and the dash-dot _ 
Len indicates the shape and position of the center sheet of the arcs, about four 
months after the unbalanced water pressure on the middle wall was removed ; 
unwatering shipway B. Since the elastic recovery (curves cd and in 
preceding deflection, the shape 0 of the 


cells i is almost identical to that of the cells prior to the removal of the unbal- 
anced pressure. The position of the sheet piles was measured by offsets from 
the center line of the adjoining shipways. _ The surveyed points: are indicated ie 
by small circles. . It should be noted how close the 1 real original position . of the a 
‘ edges of the cross-walls (real ze zero point) i is to that required by the construction — a 
drawings (origin of the abscissa). The thin dashed lines indicate the estimated 
position of the sheet piles prior to the a: application of the unbalanced pressure. 
a Over one half of the height « of each cell between El. 80 and El. . 100, ies - 
center sheet piles of the two | ares are almost parallel to ‘each other. . Hence, = 
from the top of the cells down to about midheight, the lock tension was about _ 
the same everywhere; and below midheight, it decreased to zero at the base of - 
the cells. _ This condition i indicates that the hoop tension al: also decreased below _ 


_ Fig. 16 is a horizontal section through the south are of cell No. 124 at El. 65 


"surveyed after shipway B had been pumped out. Originally the 


radius r of about 24.4 ft. At the time — 


crown to about 0.68 r on both sides. 
Since the tension ata given e elevation i is am 

s same in every lock, ‘the ‘decrease of 
the radius of curvature from the c crown 


4 “toward the hinges indicates an increase Fra. 16. jun, No. 124; Ex. 65; 


of the lateral unit soil pressure in 23, 1942 alt 
same directions. This” condition w wa outa 


Be arrvah for r most of the cells, but i in some of them the radius ius was smallest in the © a 
pati r of the crown. J Hence, the distribution of the soil pressure over the 
ares: scatters very considerably from the statistical average. The same concl 
_ sion applies to the shape of the cross-walls. _ Since the average ‘strain in the sheet 
- pile depends to a considerable extent on the initial play in the locks, which i 


unknown, reliable information concerning the lock tension ean be obtained 


— only by means of strain-gage measurements on the web. The provisions ~ 
such measurements must be made before the sheet driven. 
— aecount of imperfect fit in the locks, only the averages of readings on a great 
‘number of. pairs of reference. points can be relied upon. A practicable method 
measuring the lateral in the fill of the cells has 


_ Proceedings, Am. Soc. C. E., June, 1945, Pe 980. 
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CELLULAR WALLS 
+ Comparison between the cost of the shipways” and the cost | of other 
— constructed dry docks showed that the design described i in this paper 


ways gyn of the peerny type and by taking advantage ‘of local soil 


2. On account of the radical departure from conventional ‘methods 3 the de 
“sign was inevitably based on on various more or less uncertain assumptions. 5 — 


eve er, by systematic field o observations during construction it was possible t to Oo 
correct the initial errors and to modify the design during construction in ac- 


cordance with the findings. | This procedure avoided the risk of a failure in. 


spite of the novelty of the cost of the modifications « did not 
exceed a small fraction of the total savings. + 


The observations during construction that the deflection of the 
walls was greater than the - designers had anticipated. This condition was 
us Temedied by two independent measures. ‘The stiffness of the fill in the ¢ cells 
was increased effectively by compaction and drainage, accomplished by 
of sand piles. The unbalanced horizontal pressure on the outside walls was 
reduced byr replacing the clay backfill by a a drained gravel backfill. a icicccdainiin 
4, The deflection observations confirmed the theoretical conclusion 
the deflection of long cofferdams with fixed ends, , resting « on a firm base, should — 
be greatest at a short distance fr from each end. | They : also showed, in accord- 
ance with theory, that the presence of a highly compressible layer beneath the 
= in the cells increases the deflection very considerably, everything else being 


Pe ‘The relation between the unbalanced horizontal pressure on a wall and 

_ the corresponding deflection was found to be very similar to the relation be- 

tween shearing stress and shearing strain for cohesive soils. deflection 

_ increases more rapidly than the horizontal pressure, , and at constant pressure 
the deflection i increases ata decreasing ra rate. However, by trial computation 


it was found that the sheet-pile enclosure contributes v very materially to the 


q stiffness of the entire structure. 
6 . The factor of : safety of the middle wall with. respect to a failure by s shear 
ona vertical plane was” estimated by | assuming that the coefficient of lock 
friction had a value between 0.2 and 0. 3. On this assumption it w was found 
that the factor of safety of that part of the wall which rests on solid marl 
ranged between 1.8 and 2 AL It was also found that the overturning moment 
had almost no effect on the distribution of the pressure on the base of the wall. _ 
‘This distribition was practically uniform. For the) western part of the wall 
‘the factor of safety was considerably smaller than the fo: foregoing 1 values because > 
this part of the wall rests on a very compressible base. Pity. 
ee 7. The results of a survey of the shape of the cells, after filling them with 


_ marl, showed that the hoop: tension in the sheet-pile enclosures has almost the 
“same 1 value at | any elevation within the upper | two thirds of the hei ght of the 
ode. - Within | the lower third it decreases in in a downward direction to a to almost 
zero at the level of the base. Therefore, the unit elongation of tl of the upper upper r edge 
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of the cross cross-walls is practically equal to the m maximum horizontal unit ‘elongation 


of the sheet-pile enclosure of the cells. a bits 

_ 8. While bearing piles and sand piles are tae driven into the fill in the 
“cells the lock tension is increased by an amount that cannot be predicted reli-_ 
ably. To make sure that the lock tension remains within safe limits the stretch — 
in the upper edge of the cross-walls was measured repeatedly while driving the 
piles. ’ _ The results of the measurements combined with those of previous ten- 
sion tests with short sheet- -pile sections indicated that the lock tension never 


flow of the ground water toward the weep holes reduced the hydrostatic =e 
on the base of the marl stratum, which ¢ contained the ] piles; but the amount of 
the el of the points of the piles. 
10. W hile the shipways were pumped out for the first time, gage readings 
_ were made at regular | intervals. The readings showed that the safety | of the 
floors: with respect to heave will be adequate at any operating stage of the 
at - shipway ay, except at the eastern end of the floor of shipway B. By installing 
seven 3-in. filter wells beneath that L part: of the floor the  piezometric head was 7 
reduced over the entire area covered by the : shipways by about 5 ft. a This — 
local remedy served its purpose an and it was: much more economical than the 


customary method of heave by increasing the thickness of the 
- The submerged shipways described i in this paper were a project of the 
Bureau of Ships, U. S. Navy, under the general supervision of O. L. Co Ox, 7 
Admiral, U. 8. Navy, and appreciation is expressed t to the satetiad Department — 


for permission to publish the data 2 contained i in the paper. — 
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DISCUSSIONS 


STRESSES IN T CHE LININGS OF ‘SHIELD- DRIVEN 


al 


ee N. ALEXANDER 


- G. N. ALEXANDER,"* Esq. ata. As there is no generally accepted method for 


‘Although there may eh good grounds f for Inaintaining that successful ary 
_ where such exists, is the best guide to tunnel lining design, progress depends in 
_ part on the p promulgation of such theories. However, until knowledge of active 
pressures advances, elaborate theories regarding passive pressures tend to 
The author rightly criticizes the ‘ ‘classical” theory? given by S. 
i son and the late B. H. M. Hewett, Members, Ase. Soc. C. E., because it does not 
- consider that the deflection of the lining is sufficient to give rise to stresses. 
theory depended on an ai assumption that, provided the total p passive ve pres- 
5 sure determined from Rankine’s S } theory i is not exceeded, bending stresses due 
conservative designs. late Walter ‘Parmley, 37 M. Am. Soc. C. E., 
directed attention to the weakness of their contentions and made an analysis : 
based on an assumed elliptical deflection | curve with passive pressures depend- 
ing on the deflections in the lateral quadrants. Such methods require what i is 
variously termed the “soil constant” (M. A. Drucker), ‘‘soil compression con-— 
constant” (Anders | Bull, M. Am. Soc. C.E), and “coefficient of horizontal soil 
reaction” (Karl Terzaghi, M. Am. Soc. Cc. Unfortunately, experimental 
- evidence concerning the v value of the “soil constant” Kis extremely meager and 


any, designer using it must do some ‘ “guestimating. a it therefore seems desir- _ 


— —This paper by Anders Bull was published in a sean 1944, Proceedings. Discussion on 
4 this paper has appeared in Proceedings, as follows: January, 1945, by J. A. Van den Broek; February, 1945, 
q y Nathan D. Brodkin, M. A. Drucker, and Sigvald Johannesson; May, 1945, by Jacob Feld; June, 1945, ; 
by Leon Beskin, and D. P. Krynine; and September, 1945, by A.A.Eremin, 
a: Designing Engr., Melbourne and Metropolitan Boost of Works, Melbourne, Victoria, Australia. 
Received by the Secretary September 10,1945. 
‘Shield and Compressed Air Tunneling,’ by B. H. M. Hewett and s. Johannesson, 1 1st Ed., McGraw- 


Book Co., Inc., New York, N. Y., 1922, p.74. 


37 Discussion by Walter C. Parmley of ‘‘Notes on Tunnel Lining Sow Soft Ground, ” by S. Johannesson > 


H. M. | Hewett, Transactions, Am. Soc. C. E., Vol. LXxXXxill (1919- 1920), p. 1880. 
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- able to derive an expression to show rapidly the effect of vary ying the factors 
_ that influence passive pressures. Some consideration must also be given to the 
assumptions made, 
The author criticizes Mr. Drucker* (see Section 3) and other exponents of | 
eories (such as M. G. Spangler,!* M. Am. Soc. C. E., in Section 28) who use a 
iform vertical load to determine p: passive pressures. yy For analytical investiga- 
ons loading may be expressed by using rectangular or polar coordinates. — It 
perry appear that the loading assumptions ‘made may depend on the system 
_ chosen—a scarcely defensible procedure. If rectangular coordinates s are used 
it is generally assumed that the horizontal pressure is equal to k times vertical 
_ pressure, which may be termed case. I. If such a loading is expressed i in polar — 
ad _ coordinates tangential tractions are involved, but the author, by deductive 


processes, disposes: of these which may b termed case Il. Fig. 27 illustrates 


Sp(l- 


‘Ria. 27. 27. .— Activ PRESSURB Fia. 28.- —PassivE Pre 
a two systems ¢ and the relative magnitude of the tangential tractions, a at 0. 
Of the radial pressure OC, or only the variable | part EC is effective in producing 
distortion and hence effective passive pressures. . As CB CB = CE cot @ it cannot’ 
a determine the relative importance | of radial and tangential loadings it 
7 may be shown that, for a constant vertical pressure of p», the value of Mg is given | 
For case ] I, for a radial pressure only, given 
pair of equal but opposite diametrical loads. ‘Thus, if = =? rd@, M’, due 
to Pe, with @ > $, is given | 


neglected on the score of the relative magnitude. 
e corresponding moment can be determined most readily io considering a 


-. & _ 3**Determination of Lateral Passive Soil Pressure and Its Effect on Tunnel Stresses,’’ by M. A. Drucker, 

+ 10 Phe Structural Design of Flexible Pipe Culverts,” See M. G. Spangler, Bulletin No. 153, Eng. Ex- 
‘periment Station, Iowa State College, Ames, 1941, p.61. 


38 ‘Strength of Materials,” by S. Timoshenko, D. Van Siete Co., Inc., New York, N. Y., 2d Ed.,— 


_ 
| 
| 
= 
| | 
| 
| 
| 
| 


sin 


_— hus, the t tangential - tractions produce half as as much moment as the radial 


loads and. clearly should not be » neglected unless m more e evidence can be produced 


De » do Bot exit To detern mine the deflections the differential curve of 


the value for M g given wen Eq. 61 and the deflection at 


“Various assumptions are eats as to how, where, and when these passive pres- 


sures act. _ The use of a a soil constant K seems necessary but its use involves _ 


‘The author assumes that 
passive pressures are ¢ directly proportional to the radial deflections outside the 


settled position of the undeflected ring. - - The writer also assumes that the ac- 
tive pressure is unchanged at the crown a but the movement of the tunnel in a 


ve rtical direction | may be disregarded i in ‘determining passive pressures due to — 
flection of the lining. In this case the active pressure p 27) of the 


is the net maximum deflection. For the of 
moments this passive pressure K d can subtracted over the entire circum- 
"ference from the net active pressure causing ‘distortion used previously, leaving | 
& pressure difference between the crown and ‘Sides of K d (Fig. 28). 

_ At first it may appear safest to consider that. passive pressures are limited to 
a _ However, such ‘pressures can | be maintained only 
7 the deflection of the huing due to the excess of vertical over horizontal active 


pressures. This requires continuous contact between earth and lining and it 


is presumed that the final pressure curve is continuous. Therefore, the writer 
~ assumes a final pressure distribution curve of the same form as that for active 


pressure. The passive pressures additional to those which may undoubtedly 


be assumed to occur over the lateral quadrants v will cause no ) significant distor- 
tion to the lining, as each of the four quadrants is equally loaded with these 


November, 1945 ALEXANDER ON TUNNEL STRESSES 1357 eee 
Hence the bending mom 
> 
7 
7 
Ph 
the 
That is, for case J the al 
Passive Pressures.—Defiections and moments calculated on active pressures 
é 
— 
Y., 2d Ed., 


— 
ALEXANDER ON TUNNEL STRESSES 
wa 


a Hence, the net deflection d due t to o active and ie, 
mt loading is due 


Therefore, 


n = ——— and the maximum active deflection is da = 
p(il—k)n 


4 Thus the dimensionless term 
the passive pressures. d The factors in this term deserve consideration. Y Clearly ; 
the most significant is r and large diameter tunnels may make much more use 

of passive pressures unless tie rods and roadways reduce the deflection. The 
- moment of inertia a may have only a a fraction of its theoretical value due to 
flexibility: at the joints, especially in a cast-iron tunnel where longitudinal 


joints are not staggered. * This flexibility (if strength i is not impaired) therefore 


may be an advantage. It would be advisable to determine the value of EI 


for a ring by experiment if Eq. 65 were to be used. Tiel aan a 


__ There appear ti to be good grounds for the author’ s contention concerning the 
sles of steel, especially | as the governing stresses in the e conventional 


cast-iron lining are tensile. — The provision for jacking stresses and the apparent 
_ unwillingness of of designers to depart, from customary | methods would seem to 


be to tunnel « than more » experimental 


is necessary to enable the variables to before such an 
elaborate theory as that t proposed by the author is necessary. ‘he The writer sug- 


gests” that for all cases, except large shallow tunnels, the ratio of passive to 
active pressures, es, deflections, and moments is given “approximately, the 


ee The author i is to be congratulated on his extensive mathematical work and 


it is to be hoped that | his paper will accelerate the accumulation a and dissemina- ’ 
tion of data on soil pressure on tunnels to enable a theory to be developed 


which can be substantiated by data. 
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Discussion 


Louis 


4 Lours Batoa," Esq.!**—Imperfections in technical processes, economic 
considera tions, limit the precision ane in making and shaping | of metals 


of materials, the’ accuracy of members and struc- 
tures, the conformity to the “contemplated points of application, and the 
character of the calculated forces depend on practices that must be justified 
economically f for various types of structures. Since all these circumstances 


influence the carrying capacity of a compression “member, , the derivation of 


For absolutely ideal conditions the - )-curve is composed of 
Euler’s ; hyperbola and of a horizontal line a Ter = = o,, a8 shown in Fig. 5. ‘The 
: most exacting laboratory te tests have failed to conform to this curve, due to the 
sensitivity of columns to deviations from ideal conditions. — Study. of the effects 


empirical column formulas, of universal validity, is impossible. 


of tolerances in metal and of rolled shape characteristics, and experience W with 


: the accuracy of statical calculations and with that of shop and erection work, 
| lead to the reduction of the theoretically ideal curve to curves shown below it 7 
in Fig. 5, which curves indicate the practical « carrying capacity of carbon- steel 
and silicon- -steel columns” in bridge and structural w ork. The deviations 
- between the ideal and actual conditions are so great in this case that the 
‘mathematical. criteria, set up by the author for vempueaatie the shape of column — 


curves, seem to be of little le practical consequence. 

The | practical validity « of the formulas in the paper depends not so pon 

| on the primary requisites defined by Mr. Osgood as as on the > selection of the 
arbitrary constants they contain. These constants can n indeed be so selected _ 


that the formulas will approximate special rrermgnenl more or | less satisfactorily; 


= Norre.—This paper by William R. Osgood was published in 1944, Proceedings. 
on this paper has appeared in Proceedings, as follows: February, 1945, by L. E. Grinter, George Winter, ion 


Jonathan Jones; March, 1945, by Edward Godfrey; May, 1945, by Ralph E. Speulding, and James ae 
Cissel; and June, 1945, by Leon 


eskin. 
190 Received by the Secretary July 3, 1945. 
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November, 1945 ON FORMULAS 
cally decreasing tthe derivatives of which are continuous) are. 
requirements from point of v view of 


the general requirements of engineering practice could never be met with 

such formulas. — This alone would be. a sufficient reason for their rejection; 
but empirical 1 formulas also hinder progress in ‘design. _ The problem, therefore, © 
is not to fit a formula a adequately to a series of column tests (which seldom 
represent actual structural conditions), but to fit a theory to reality. Rational 
theories, by which the effects of varying all characteristics that enter into y the 
problem can be measured, should be the basis of design. : 

= the “Introduction” the author states that = 


It ood be possible to design by — of the double-modulus theory 
* * but * * * most engineers would Prefer to use 


mpirical formula based on tests.” 


Bridge | and structural design 1 practice de does not Support this opinion. — ‘Empirical, 
formulas, based on on tests, have been abandoned and theoretical formulas, in 
the e derivation o of which | the vai aay ge is neglected, : are. in general u use. 


furnish data for the basic constants of the theoretical formulas—the eccentric 
ratio a and the reduced length / o (E q. 2)— 
of any practical column formula depends. . Values for both of them can be 
| determined, however, from the characteristics of actual structures and from < 
theoretical considerations. — ‘Tt is quite certain that imperfections in testing 
procedure render such experiments useless. Extremely careful tests of small 
specimens, to. determine the limits of validity of some basic: theoretical assump- 
tion, constitute the reasonable « experimental investigation. 
‘in Inasmuch a s axially loaded columns | do not exist in an ideal a nsil 


© 
fa) 


of 


flues 


x - Numerous difficulties hinder the mathematical expression of the yielding 


process; and therefore the actual stress-strain relation and the actual shape of. 

the deflection line can be considered only in graphic- analytic solutions of the 
problem. 3,24,25 The labor involved in these methods restricts their 
practical use to the most unusual investigations. — 7 The same is true of the 


| 


» and in which the stress-strain relation is replaced by a combination of straight 


2**Untersuchungen iiber Knickfestigkeit,’"” by Theodor von Karman, Mitteilungen tiber Forachunge- 


Die Stabilitét zentrisch und exzentrisch gedriickter Stibe aus Bausthal,” by E. Chwalla, Siteungs- 
bericht der Akademie der Wissenschaften in Wien, Abteilung Ila, July, 1928, p. 469. gob Ai iate welt 


7 om Rept., 2d International Cong. for Bridge and Structural Eng., Vienna, September 24-28, 1928, p. 608, 


> Final Rept. , 1st Cong., International Assn. for Bridge and Structural Eng., Paris, May 19-25, 


die experimentelle Untersuchung des Tragverhaltens gedriickter Stabe aus Bausthal,”” 


%**Theorie des gedriickten Btibes aus Bausthal, by E. Chwalla, ibid., | pp. 161- 165, 
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BALO 


a ee lines. 26,27,28,29,30,31,32,33 Ins spite of f their lim limited practicability of 


direct application i in design | these theoretical investigations ar are of much greater 
value than the tests made to determine empirical formulas. > 


' 


arranged according to parameter a (see Fig. 6), facilitate the clear visualization 
oft the behavior. of. compression m¢ members as influenced | by the characteristics 


Values of Critical Stress, 


i 


d of the metat and by ge geometric relations. The upper limit of such a group of 

curves is a = 0 in Fig. 6, or r the case of ideal axial load. This | curve consists 

of Euler’s hyperbola for slenderness ratios larger 1 than tl that corresponding to 

the proportional limit; it consists of the Engesser-Kérmén (double-modulus) 

line for slenderness ratios that correspond to the e range between the point of 

strain hardening and proportional limit, and, for smaller slenderness ratios, 


4 
it consists of a rapidly ascending line. Since structural steels have a long yield . 


range, the limit of hardening will be smaller than 15; or it will be always smaller 
than the practical minimum slenderness ratio, which is about 25. Therefore, 
actual. compression members would reach their ultimate carrying capacity 
_ before strain hardening can set in, even if they could be loaded axially. The 
region of hardening, therefore, has no practical 


'M. Ro’ and J. Brunner, Bericht No. 13 der EMPA und der Gruppe VI der TKVSB, Ziirich, August, 1926. 
27 Proceedings, 2d International Cong. for Applied Mechanics, Ziirich, September 12-17, 1926, pp. 
‘Die Bemessung zentrisch und exzentrisch gedrickter Stabe auf Knickung,”’ Rept. of the 2d Inter- 
national Cong. for Bridge and Structural Eng., Vienna, September 24-28, 1928, p.282,. 
29**La stabilité des barres comprimées par des forces excentrées,”” by M. Rod, Preliminary Rept, 
4 Cong. , International Assn. for Bridge and Structural Eng., Paris, May 19-25, 1932, p. 57. i) el 
 aneThe Strength of Steel Columns,” by H. M. Westergaard and William R. Osgood, Transactions, 
A.S.M.E., Vol. 49-50, Pt. I (1928), APM-50-9, pp. 65-80. 
Die einseitige Druck bei Staben aus Bausthal,” by Friedrich Hartmann, Final Rept., ist Cong. 2 
International Assn. for Bridge and Structural Eng., Paris, May 19-25, 1932, p. oe as ae 
8 Knickung Kippung Beulung, Franz Deuticke, Wien, 1937, p. 43. 


“Die Knicksicherheit von an beiden Enden gelenkig gelagerten Stiiben ; aus s Konstruktionsthal, by 
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shape of the stress-strain. ion between ‘the proportional limit ; and yield 
stress. An infinite variety of double- modulus curves is possible between these > 


for this curve is just a as dm to reality as as any y of those which correspond to a 
certain actual stress-strain diagram. _ Comparative examinations of the 
of the variations of the double-modulus curve on the values of the ¢ carrying 
capacity of columns, of the effects of the practically unavoidable eccentricities 
of the load (a: > 0. 1), and of the fluctuation if the values of o, and oy, indicate 


that the double-modulus theory has no practical significance in bridge ‘design 


ori in structural design generally. Therefore, it is not only the simplest 
cedure, but also the most reasonable, to base structural column formulas on 


the ideal stress-strain relation. 


The ideal -stress- strain variation (see stress. strain diagram in Fig. 5), and. 


stress of the tension-test specimen subjected to the standard tension test, 
and extends co ntinuously w ith continuously increasing load. 
_ Actually the stress- strain diagram i is different for tension and compression, 
for i increasing - and decreasing load. It is also curved beyond the proportional 
limit, and the yielding process is characterized d by the formation of flo flow layers” 
caused by the superimposed | bending ¢ stresses s resulting from the unavoidable 


eccentricity of the loading. 4 Yielding , therefore, does not progress con- 


the stress in the fiber of the section reaches the yield 


tinuously with an increasing load but in layers, and this f fact influences the stress 
distribution in the section and brings: the shape of the section into play. it ‘The 
consideration of flow layers 8 is generally neglected in present-day structural 
wag 

design. The curved portion of the stress-strain diagram between the Pro- 
portional limit and yield stress is short for structural steels. The fluctuation — 
of oy less specimens 0} of the same steel is often larger ' than the | length | of t this — oo 
region. The consideration of these conditions indicates that, for structural 
steel columns, the foregoing idealizing simplifications are justified. Based on 
them, and on Bernoulli’s hypothesis that originally plain sections remain plain 
and normal to the longitudinal column fibers after bending, the ca carrying 1g capacity 
of compression members is es toa a theoretic evaluation th: that i is ‘is entirely 
a In view of the foregoing simplifying _ assumptions, three different stress 
conditions are possible i in a rectangular co column section: (a) The condition ~ 
corresponding | to purely elastic deformation; (b) the stress pattern when there 
is a plastic area at the compression side; onl (c) the stress pattern when there 
isa plastic area at both compression and tension sides. (“Compression side” 
or “tension side” ’ denotes that side of the section in which the stress due to 
bending alone is ‘compression or tension—quantities referring to these sides will 
be designated by subscripts c and t herein.) For the three different stress 


conditions of the center section (a), (6), and (c), the following formulas give _ 


or 
= 


4 “Plasticity,” by A. Nadai, McGraw-Hill Book Co., Inc., New York, N. Y. , 1931, p. 104 104. ar 
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the carrying capacity 35,36 aly} 


os upper limit of the carrying capacity is defined by the load that pro 
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e- For the solution of Eqs. | 54 only the values of E and oy are necessary, 
These formulas apply to any kind of structural steel. Eq. 54a is valid until 
the yield stress in the extreme fiber is reached; Eq. 4b is valid ‘until 


3(1— Se: ; and Eq. 54c is valid untila =3(1— 22). 


_ The practical carrying capacity, or the lower limit of the carrying anes 
of columns, is defined by the load at which the ‘yield | stress is reached in the 
extreme e fiber. Eq. 54a gives this lower limit on which design i is ‘usually based. 


It is valid for any shape of section and gives practically identical results with 


a 

Eq. 55a must be solved by ‘the cumbersome trial-and-error method; but, It 
it is convenient for calculations because tables for circular cosines for radian dimen 


-_ arguments are readily available; the arc of the cosine can be read from - such 
and Eq. 55b can be solved directly. 


duces the critical equilibrium ¢ condition. Eqs. 54d and 5 54¢ give t these values 
Rigorous investigations” ha have shown that the ‘upper limit of the carrying 


capacity is appreciably influenced by ¢ certain cross-sectional shapes. A formul 


by which the sectional form can be considered lit 


stores yi 


_ %“*Naherungsberechrung der Tragkraft exzentrisch ‘gedriickter ‘Stahlstabe, Karl Jez k, 
‘Stahlbau, Vol. 8, 1935, p. 89. 
Festigheit von Druckst&ben aus Stahl,” by Karl ‘Julius Springer, Wie, 1937, p. 79. 


87*Der Einfluss der Querschnittsform auf das Tragvermdgen aussermittig gedritckter ‘Bausthalstibe’ 
by Ernst Chwalla, Der Stahlbau, Vol. 8, 1935, p. 193. 


8"Die Festigkeit aussermittig gedrickter Stahlstabe beliebiger Querschnittsform,” by Karl Jeiek, 
Der Bauingenieur, Vol. 17,1936, p.306. bau-V 
oe) “Die io Festigheit von Druckstiaben aus Stahl,” by Karl. Jezek, ; Julius Sp Springer, Wien, 19 1937, p. 213, we, vat 
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‘limited for each of these s sections ‘except sections (d) snd (¢), for which for which 


in which S. and S; are the section moduli compression and 


TABLE 1.—VALUES OF FOR THE SOLUTION (OF Ea. 


“sides, respectively. If the defined by Eq. 57 does not exist, failure 
occurs at the tension side and the ultimate carrying capacity becomes 


S.a 


As the eccentricity ratio decreases (that i is, as a approaches zero), the cihiaiens: 
of the shape of the section diminishes. 


«dt is possible to base column formulas on the r ratio of the yield ‘and critical 


proectng or, for design purposes, on the ratio of a constant allowed stress and 


-rt\@ the critical stresses which correspond to the various = -ratios. In this ‘case the 


force to which the column i is subjected will be multiplied by this ratio (the | 


“ik 


dimensionless parameter « w = 1) and it is required that the resulting axial unit 
stress shall not exceed the constant allowed stress value. An exceedingly _ 


‘practical cc column formula of this type,“ in the derivation of which the center — 


deflection was not approximated by ym = peed (which corresponds. to the 


sine curve ‘assumption of Eq. 54a) but by the i len exact expression, “ 


“‘Vorschlage zur wirtschaftlichen Bemessung “ty Caw walla, Deutscher 
Slahlbau- Verband, Berlin, Ernst, 1939, p.18 | 


4 Imperfect Strut and the Arch,’ ” by R. H. W. World Cong,, Tokyo, 
1929, Vol. III, Pt. 1, pp. 73-114. 
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in which: The critical stress becomes 


Eq. 60 can be solved directly for any = -ratio; and _ any y variation of a its gives 


practically identical results with Eqs. 
Al imperfections of the column in the struc estes are translated in column 


formulas: to a single factor representing : a certain ‘equivalent eccentricity of the 


load. ~ The functional relation between n the eccentricity and the stress condition 
of the center section makes such a summary consideration of the imperfections 
possible. — The practical validity of a column formula depends greatly on the 
~ assumption of the magnitude : and variation of this measure of the degree oi 
imperfection, expressed by the. eccentricity ratio a. 


(A.R.E.A.; see Eq. 33a) and American of State 


Highway Official (A. A. S.H.0O.) ‘approximate the “secant formula, Eqs. 55 


61 in which a = 0.25 | that is, c = 0. 25 been “assumed 


7 the same symmetrical column section a" is constant and therefore the value of ¢ 


remains constant for any l/i-ratio is results in an increasing reduction of 
the calculated carrying capacity, or allowed unit stress, as the slendernes: 


decreases. ‘heed structures — is not constant; it increases with a de- 


7 creasing 1/i-ratio, and therefore ‘the assumption | ofa = =0. 25 = = constant results 


core 
Ce 


of ole: and bracing sections of several sats ay 


and bridges are plotted against, the of rember, hese 


= have been built s since 1920 and include long-span truss bridges, stiffening 
trusses of large suspension bridges, and other smaller structures. ‘The indi- 


of the “hyperbolic in in rides 


7 gives ‘the values: of c, the unavoidable eccentricities, on 
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a which the sp specification column formulas are ry The sens sensitivity of com- — 
- pression members to eccentric loads in the small = -region, in which rapidly 
increasing eccentricities are specified, indicates that, in bridge design, it is not 
1) reasonable to base a column formula on the e assumption { that a = 0.25 is a 
constant eccentricity r ratio, because it results, unjustifiably, in an increasing 
es factor of safety as = Jf An more uniform factor of safety will be obtained 
by assuming a linear increase of the unavoidable eccentricities c, with in- 
ne creasing = Ins view of the hyperbolic variation of the actual —-values, this 
ou assumption results in an eccentricity os 
a 7 
- design eccentricity becomes a function of the structural, sectional . 
te wa dimensional characteristics of the compression member, and the expression 
of the eccentric ratio becomes: 
| 
a ‘With present- t-day structural imperfections the value of constant Ky, for 
ess ‘The most unfavorable section 


actually in use is that com- 


de- 
posed of two angles, back to 
ilts back. If the load produce es $10 


be by fibers of the legs in contact, « ie 
the ratio of the distances from 


¢ 


ues of ¢, in Inche 


the center « of gravity to the § 3 _ 
extreme compression and ten- “ 
fibers is = 2.5, for 


Val 


such sections. ‘If the load is at 
| = other die of the section : 


Values of 
Eq. 63 and the yield stress 


this c case will occur at the 7.—VARIATION OF THE Ratio — WITH THE 
Ratio ; IN ‘Acruan 
_ tatios become unity, and for = = 100, Eq. 63 reduces to the present specifica-_ 


Fig. 5 i is an evaluation of Eqs. , 54, 5 55, 60, and 61 for 


arbon steel and silicon steel. 7 Curves 1 correspond to Eqs. 55 a and 61 


— 
| 
| 
= 
i 
= 
4 c=0.25 (Area, AASHO) 
eby Eq. 62, with 
sc by Eq. 62, with 
ndi- 
hi 
this 
the 
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with | a = 0.25 25; and curves la and 1b correspond to the same formulas with 
a = 1 + 2.5) , Tes 


Curves 2 correspond to Eg. 54a with a = 0.25. The’ critical stress, oer, fu 


given by curves 1, la, 1b, and 2, is the axial, or average, ‘stress at which the | = 


“yield stress is reached in the extreme » compecntion fiber, and P., mA ti 
is the lower limit, or design, carrying capacity | of the column. Curves 3, 0 
i “Mg. 5, correspond to Eq. 546 and give the upper limit, or r ultimate carrying al 
capacity Per = A oer of a column with a rectangular based on the 
classical theory of the yielding process and on the assumption that ¢ = 0. 25 
is a constant eccentricity — 
The (w= -curves are also given in ‘Fig. 5. of these 
curves reveals that they can be approximated by y simple parabolic power 0 


relations, or, , by means of these w- curves, doubly curved cubic-hyperbolic 
(«=| )-urves, corresponding t 


Ser — = )-curves, corresponding to e ratios we vary with can 


_a Comparison of anv 1 with la la and ‘Ibi in Fig. 5 indicates that, for a given st 
wand 
value of E and o oy, the magnitude and variation of the eccentric ratio a has a -s 
"much greater er effect on the values: of f the critical stresses and on the shape e of * 
the column curves than the other variables entering into the design of com- & 
pression members, 
In 1932 the Society’ Special ‘Committee on Steel Column Research 
- its 10-yr investigations with the statement that: aE... rational _=— be 
formula can best be constructed on the basis of the e theoretical 1 formula for B 
eccentrically loaded columns ‘This statement is in agreement with 
findings of numerous valuable in investi gations presented since 1926. Prog- 
‘Tess in the design of compression members, during the intervening “years, is 7 es 
characterized by the adoption of the theoretical formula as evidenced also by | s 


since before 1935. _ Improvements: on the A.R.E.A. formulas and the A.A.S.H.O 
formulas so that they will conform to actual structural conditions of eccen- 


tricity and the use of } proper reduced lengths, constitute the criteria — 


both the A.R.E. A. and A.A.S.H. .0. specifications which h have been in force “ 


usefulness, rather than the formal requirements suggested by Mr. Osgood. — 
‘The of the reduced length : should be based on consisten 
assumptions. — Inasmuch as the « design of the members is based on the condi-— 
tion of yield stress in the extreme fiber it is reasonable to consider the reduced ff 
lengths which correspond to this condition of the structure. This indicates — | 
that such summary assumptions for the buckling lengths as those made by ; Mr. 
sgood and and those involved d in the A A.R.E. A. and A. A. S.H. 0. column formulas: | 
e neither reasonable nor tenable. The variation of the » stress and rigidity 
members adjacent to the same panel point, “the character of the inter & 
mediate supports of members in various truss systems, and other factors in- 
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= 


“Final Re Conc of the Special Committee on Steel Column Research,” Transactions, Am. Soc. C a ; ny 
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{ 
fluence the buckling length. For all members and callie the specification 

| formula assume 0.75 1 if the | connections are riveted. This fact, combined 
with the assumed constant eccentricity ratio, makes the design value of f these 
fundamentally correct formulas no greater than rules of thumb. 
_ The critical stresses represented by curves la and 1b in Fig. 5—in ‘combina- 7 


ont — lengths obtained from the stress in the | extreme-fiber 


allowed stress i in tension and compression—are m more likely to result in a homo- 
3 geneous factor of safety at at economic advantage ths than the prevailing specification | 

column formulas which are not fitted to the characteristics of actual structures. : 
The writer has attempted to explain in the foregoing why there is no need 
for the application of the double-modulus theory in’ structural design. — The — 
difference between the Engesser- modulus) line and the line 


of Cea introducing this value into Eq. 54a, and solving, a | = 0. 01. ¢ Inasmuch 
as the design value of a for actual members in this region is between 0. 25 
and 0.6, the carrying capacity resulting from the assumption of the ideal — 
=—— n diagram i is only 1. 5% to 4% different { from that obtained by the 
use of the double-modulus line in the extreme case. Sicha 
Ge The problem in design i is to ascertain a desired structural performance with 
greatest economy. The comparison of v various» structural schemes is 
| equitable only if their factors of safety a are the sar same. _ Empirical equations, — 
and the prevailing s specification formulas, do not sual 1 in useful omeuione 
because their deviations: from structural reality affect members of different 
proportions i in different ways. a can generally be stated that the most frequent — 
stress" -condition—compression combined with bending—is not being given 


that corresponds to the loading condition is known. 


— ‘The “writer agrees with the statements made by Mr. Osgood in the 
“Summary.” There is no ‘point to approximating correct formula by 


proper attention in design. Laborious calculations, by which internal 
“ and moments are often determined, usually end in taking the summation of 
~~ | the divisions of force by area and moment by section modulus. The result is 


? not indicative for ‘the factor of safety of the members unless the critical stress z 


= 


| _ puted from a formula which will apply correctly to the case under consideration 7 
- simplification of such problems to manageable form requires judgment 


. : substituting another of limited validity. It is practical to prepare tables com 
in design specifications. Such a method, however, is not applicable directly 
to many of the infinitely varying complex problems of | engineering practice. 
-Tipened by thorough structural knowledge, and it requires the study of analytic 
and experimental investigations in the entire of 
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DISCUSSIONS 


CONCEPTS | 


By DEAN F. 


Dean F. PETERSON, Assoc. M. Am. Soc. C. E.2— the slope- 
deflection equations, ‘Mr. Weiss has developed the algebraic interrelationships 
between the various ‘ “‘senatenel concepts” commonly used in the method of 
moment distribution. The “common factor” used to derive the equations -_ 
to illustrate the interrelationship i is the concept of the “fixed point.’ a a 


in the “Introduction,” Mr. Weiss states: 


= such points [points of zero bending moment] are thought of i in 


connection with beams continuous over three or more supports; but two 
~ guch ‘fixed points’ exist in every member of any frame. _ They are called 


— because their position on the elastic curve is stationary.’ i 
pc po 


since it is free to deflect transversely. The choice of the term “nodal” further 


- implies that this condition i is not true. The number of “fixed points” 0 occurring 


at any r time depends upon the moments acting on the member. Either aon, 
or one, will actively o occur in each of the unloaded s spans (Fig. i). - When dis- 


(a) NO FIXED POINT ONE FIXED POINT ONE FIRED POINT | 


tributing » single fixed- end moment toa frame, all the unloaded members will _ 


have one and only one fixed point, which will occur either at Na or Nz. The _ 


F i 

4 


distance measured along the span to this point a always will be the same regard- - 
less of the magnitude c or sense of the moment. ar! 


_ Nore.—This paper by Camillo Weiss was published in January, 1945, Proceedings. seam on this ) ad 
paper has appeared in Proceedings, as follows: May, 1945, by Ralph Ww. Stewart, and R. C. Brumfield; - to 
une, 1945, by Max W. Strauss; 1945, by L Leon Alexander | ‘Dodge, and WwW Villiam Cc 
Spiker; and October, 1945, by T. F. Hickerson. — 
82 Melbourne Beach, Fla. q An. 


Received by the Beoretary O October 8,1945. 
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The solution of Eq. 9f 9 for Nap in n the frame of Fig. 1 requires the use of 1 nec 


which is unknown since it — on the restraining properties s of joint C. 


' joint where the oiinalilies properties at the far onde: of all of the concurrent. 


known. Having solved for n des 


oat ‘such a joint, it is possible 
to solve the equations at the 

other {joints ! rprogressively. If 
no such’ joint exists the equa- 
tions must be w ritten for each | 
joint and solved simultaneously. 
This; is merely a solution of 
the -slope-deflection equations 
for the entire structure with an 
Pe moment at A in terms 


of the parameter n and the 


amount of computation in- 
volved is about the same as 


if the conventional equations 12 


i _ The solution of n may be made directly from the geometry of flexure by 

using an elastic curve traverse." For example, i in Fig. 2, relative stiffness 
factors have been _ assigned to a part of the frame of Fig. 1 and joints F and 
L are assumed to be fully restrained. To find nep, assume that a a bending 


moment induced from joint C acts to rotate joint D. ~ Draw the traverse. 


: Since the traverse | angles marked 19/ 3 and 56/ 3 care a ‘measure of the 

‘moments e: existing at joints D and C, respectively, 


member ¢ can be found as is easily, if desired. 


a However, moments might just as well have been determined in the se 
place. . As an 1 example, suppose the e moment t to be carri ied over from end Ci is 
100; then all of the moments in the members about joint Dr may be ,e computed — 


- immediately since they are proportional to the traverse angle and the relative 


stiffness: Mp =z = 34.0; and Mpr = X4X=s = 14.3. Simi- 


larly: = 7.2; Moz = 5.4; Mor = 14.3; and = 7.2. The traverse 


could l easily be extended through the frame to point. A and all moments due — 


7. “Relative Flexure Fa Factors for r Analyzing Continuous Structures,” by — Ws Stewart, Tra mend actions, 
Am. Soc. C. E., Vol. 104 (1939), p. 521. 
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Discussions 


we moment distribution introduced Hardy Cross? M. [ 
Am. Soc. C. E., offers a relatively rapid and precise means of computation | } nee 


and, in the writer’s opinion, is as good a method as can be devised. It int 
permits the analysis of a framework from a unique point of view. | Whereas ~ 
the method of least work is based on the concepts of work and energy; the 
slope-deflection method on relations governing deformations comprising 
the geometry of flexure; the Cross method may be considered as based on § cor 
= —- of concepts | that can be summed up under the term ‘restraint. “ poi 


Ibis is the writer’s desire to p point out that the > concepts summed up under | the an 


term “restraint” are basically associated with the Telations comprising the _ by 
geometry of flexure. _ The: solution for n, Fig. 12, is based on an extension of fica 
these relationships. is fu rther noted that the slope-deflection equations 
(Eqs. (2) are the basic equations of the author’ mathematical development. | 

dia: 


From a consideration of Eqs. 9, 10, 11, and 12, it may be stated that 
“restraint” ' imposed by any joint, not fully fixed or hinged, in a continuous — 

_ structure i is dependent upon every member and upon every - other joint in the 
‘frame. Prior to the introduction of the Cross method this complete anter- 


_ dependency was stated in the form of a set of simultaneous equations involving, a 
as unknowns, rotations or moments at each joint. In order to avoid the usually | a 
arduous task of f solving these equations, Professor Cross developed : a means of : 
“distributing” ‘unbalanced moments to the “concurrent members of a joint 
assuming the far ends of the members to be fixed. By successively releasing ss 
each joint the effects of the “restraint” of 1 remote joints and members were 
added as increments to the 1 moment at the original joint. In this method the 
conceptions of ‘ ‘stiffness factor,” “carry-over factor,’ ’ and “distribution fac- 
tor” are based on the assumption that t the remote e ends of the members a are fully 
fixed. In Mr. Weiss’ paper these factors are based on the true ‘ “restraint” 


of the joints at the far ends. Therefore, in the general case, none of them can : 


be evaluated except after, or in connection with, , some kind of a complete | 
= for a moment imposed : at some joint on the frame. Since such an 

analysis will also determine the resulting moments (which is the information 
that interests the designer), the various concepts set forth by this paper, “Se 
though interesting from an academic point of view, appear to be of secondary - - 


importance it in practice. For example, while, from the solution of the frame of _ ; een 
Fig. 12, it is possible to determine Nev, the moments resulting from the loading : star 
were determined by the same analysis, This would generally be true 

e 


regardless of the method of analysis. The use e of the terms ‘ ‘stiffness | factor,” if 

“carry-over factor,” and “distribution factor” to describe physical conceptions | sd 
‘somewhat different than ‘hose which they | describe i int the method of saciaiel TAB. 


‘distribution may lead to some confusion. stiff 
ALA. EREMIN, 34 Assoc. M. Am. Soc. C. E.4—It is true, as Mr. Weiss has end 

ae stated, that a ‘uniform mathematical language, composed of commonly | rec- the 
“Analysis of Frames Distributing End Moments,” by Hardy Cross, ~poir 

tions, Am. Soc. C. E., Vol. 96 (1932), p. 1. — 
Associate Bridge Engr., Bridge Dept., Div. of Highways, § State Dept. of W | 
Received by the Secretary Oct October 9, 1945. 
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ognized terms, simplifies the presentation and development of computation 
methods. is true regardless of how often such ‘ “standard” symbols 


- need to be ye revised. As rapped of § a subject i increases and new symbols are 


co 
ct 
a 
= 
rane 
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Furthermore, ‘normal progress ‘will, require new w interpretations of the ] physical 
properties of a structure. For instance, the term, “fixed point,” is not defined 
conclusively at present. This term may be applied to three pairs of fixed 

: points—central points, inflection points, and elastic points, as explained by the 
writer elsewhere. sa The position of al all these characteristic points is controlled = 
by the physical and geometric properties es of structures. With. doubtful justi- 

fication, Mr. Weiss introduces the terns * ‘node point” to denote an inflection. 7 

Pp 


: oint. The term “inflection point” is more directly associated with the 
—¢ characteristic vudetions 3 in the shape of a member, its neutral axis, and moment : 
diagram. Less effort is required to memorize the various steps in the moment- 
distribution method when of in terms of inflection points. 


er 


= 


7 


} iis a simple change i in the notation the authors’ algebraic expressions for the 


‘restraining factors may be converted to those derived by the writer in 1943.% 6 — 
These restraining factors also may be obtained by simple graphical nase « 
resulting in a Saving of time and effort. _ The member AB in Fig. 13 has a con- 
section, its basic stiffness being Kap = = I/L. stiffness factor of 


the third point of the span .and through the ordinate 2 Cap at the third p point of 

span near ¢ end B. The ordinate B BB’ is equivalent to the stiffness fa factor 
Tan. If the restraint at end A is reduced to zero by introducing a hinge the # 

stiffness line will be revolved about the ordinate 2 K4xz to the hinge : atend A. _ 

The o ordinate BB” is equivalent to the stiffness factor of AB with the opposite : 
end hinged. If the restraint at end A is reduced to one half of the full restraint, 
‘the inflection point i in this case will occur midway between end A and the third 
F point « of the span, , and the stiffness line will be revolved about the ordinate 


*‘*Analysis of by Distribution of Moments,” ” by A. pl 
by the author, Sacramento, Calif. 1943. = 


= 
| 
— 
— 
_ 
of 
uc ( 
ns 
ot 
iat 
— 
nto, 
afr 


‘EREMIN ON STRUCTURAL CONCEPTS Discussions” 


2 Kap to o the in inflection point. The ordinate BB’” is equivalent to the s stiffness — 
factor of AB with the « opposite end 50% restrained. * The dashed parallel lines 
near end ‘Ain Fig. 13 illustrate the graphical construction of the e inflection- 
‘Point location according to the given degree of restraint. : 
ia The graphic ¢ construction for locating the inflection point in a rigid frame is 
‘shown i in Fig. 14. _ Member BA in Fig. ‘4 is the same as that shown in Fig. 3. 
The inflection point O’ is determined by intersecting the member axis BA with — 
tine BO” drawn through | the ordinate of the restraint Rap at e end B and the 


1/2 Kaz at the third ‘point ‘of the sp span. stiffness factor TBA is. 


aa The inflection points : are used with a a considerable advantage in the graphical 


‘the inflection points ales | in his formulas. s. Obviously the author’s 
restraining factors will facilitate development of various semigraphical methods: 
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DISCUSSIONS 


BY JACOB. JASPER ‘sruckey 


Few —The paper analyzes the stability of 


the soil as a mixture ote gas nn Gh. liquid (water), and soil solids (rock fragments), 
for. the absence of physical characteristics. . Actually, the 
presented is applicable to all soil stability problems, not only to roadbeds. _ 
4d Complete logical solutions of the problem can be expected only when : all 
the facters are considered. ‘A soil is not n merely ; a mixture of solid rock frag- 
ments, liquid water, and gaseous air. The air fraction may be partly gas, 
partly liquid, and even n partly sc solid ‘(cecluded | gas held as solid constituents by 
certain minerals and metals) . The v water in the soil may | be (and usually is) 
partly | gas, partly liquid, and partly solid. The rock fragments are sometimes 
entirely solid (clean granular soils), but. also sometimes entirely liquid, ot 
even partly gaseous (dust storm and soot additions). The state in w hich the 
soil constituents occur depends largely upon the absence or presence of colloid 
admixtures or impurities. — The colloids may result from the mechanical or 
chemical ‘disintegration of the rock fragments, or from animal and ve vegetable a 
refuse leachings. Minute colloid admixtures, if chemically and electrostatically 
correct, have major control of the physical action of soil mixtures - ona 
_ When the influence of colloids is fully appreciated, ‘and when a soil can be 
properly i identified and analyzed for all its physical a and chemical constituents, 
“not only can the physical behavior of the soil be prophesied, ‘but the desired - 
_Rhysical characteristics can be produced by the addition of colloidal admixtures. 
In the 1921, 1922, and 1923 progress reports of the Special Committee to 
oti Present Practice on the Bearing Value of Soils for Foundations, ad there 
is included an exhaustive treatment | of the colloidal properties: of clay as a soil | 


constituent. In: a discussion of. these reports, s, the writer extended that treat- 7 


Nore.—This 


Cons. Engr., New York, N. y. 
Ma Received by the August 
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9; March, 1922, p. 523; and October, 1923, p. 1732. 
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_ aluminum and iron hydroxides, humus acid, as well as colloidal clays of various 

_ types.?> ‘The effect of various colloids on different soil types is there described 

“not only on the physical property but also on the fertility of soil. Much 

useful information on this subject can be found in 1 the reports of soil studies by 

_ That air, water, and rock fragments : are not always g gas, liquid, and solid, 


‘respectively, at normal temperatures and pressures, is not a new idea. For 


instance, Galileo, in 1640, understood that there was a difference between 
liquid water and pore water. He states that the ‘smallest. parts into which 

water can be divided must be smaller than the smallest consistency of water; : 
for, no ) matter how small or finely a powder is div ided, the particles can n still be 


‘In 1920, Karl Terzaghi, M. Am. Soe. C. ‘E. _—" that water films less 

than: two millionths of an inch in thickness are semisolid in action. Such 
water does not boil or freeze at normal _ temperatures. Cc. A. Hogentogler. 
_ Assoc. M. Am. Soe. C. E., has shown that, although the division between the 
- solid state and the sleatio state depends on the percentage of moisture, the 
“percentage: decreases as the sc ‘soil is put under pressure; and the ‘pressure can 


to this he that the er entire | 
and plastic state can be changed by adding chemicals to the water. ‘at tts 
Ds ‘9 When it it is s kept i in 1 mind that, as ‘W. D. Baneroft®? states, a all solids tend to 


into contact, the importance of particles must | be 
for colloidal particles have very great ratios of surface area to weight. — 
Many practical applications of soil control by colloids and of clay soil 
control by chemicals can be found in recent reports. ‘One application developed 
bye experience, and not as a result of laboratory or analytical study, may be 
- of in interest. Seneca County, in _— York State, is almost entirely covered d by 
soft shale and extremely fine clay. When the surface i is disturbed, there are 
two conditions—dust clouds dry and a slick slippery su surface when 
_ wet. Nevertheless, local farmers | have used a layer of crushed local shale 
rock, taken from the exposures where thin limestone seams occur, to build the. 

secondary rc roads. The rock, in pieces up to 50 lb in size, are spread along the 


q wo 


desired | location, and preferably. they are spread directly upon the ground 


surface. Traffic and weather form a fairly smooth road ‘surface a few 


months. These surfaces, locally known as “ “shuck roads,” cannot be u made 
from shale: that lacks the requisite limestone content. id 


‘When the writer was required to areas of serviceable parking 
7 37 **Opere di G. Galilei,” by Galileo Galilei, 1808 Ed., Vol. 3, p. 25.0 
Proceedings, Highway Research Board, Vol. 18, Pt. II, 1938, 

Ibid., Vol. 21, 1941, p. 415; also Vol. 16, 1936, p. 293. 
by W. D. Reneseit, McGraw-Hill Book Co., Inc., New York, | 
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- fields and bus terminal pavements, with a a minimum of labor and no outside | 
materials, as S$ part of the construction facilities for a a war project: in Seneca — 


fine sand deposit was f found to contain a large limestone content, from the 
7 leaching « of limestone bedrock. > The sand was unfit for construction purposes. 


a of water, and d rolling with a a 10-ton Toller, a hard impervious surface was ob- a 
tained. The top crust, about 4 in. thick, hardened in a few days and was 
as a parking field, with practically maintenance, for a year. A 
- sprinkling of limestone « chips: was applied i in the bus terminal are areas, and hon 
‘The paper by Mr: Mullis is ; of great value in n pointing to a logical eames e< 
to soil compaction studies. The method can be made of far greater value by 
adding the factors of colloid action. 
Jasper L. Esa. la_Strong arguments are Mr. 
Mullis for the rigid control of liquids and solids in the development of stable 
roadbeds; also excellent reasons are offered for a better knowledge of geological 
_ materials and the fundamentals of geology on the part of the highway engineer. 
A better appreciation of both of these should be helpful to all highway engineers, 
and especially to those concerned with the problem. of ‘constructing per permanent. 
roadbeds for modern traffic conditions. 
Long” before the development ‘of modern roadbeds it was known that too 
J = much water on the r roadway | caused softness and and ruts. — As a result, Toads gen~ 
erally followed the ridges and divides i in order to take advantage of natural _ ) 
: It is but natural that, with changed demands for roads and highly | 


specialized facilities for research, methods should be developed for producing _ 
commended for the contribution he is making to this end. a eee ear" 


‘permanent roadbeds where they a are needed. Mr. Mullis should be especially 
al It is ; interesting to note that of fourteen topics offered as a seni to any dis- 
cussion of the paper, seven deal with the physical properties of the geological 7 
materials necessary in roadbed construction. It is also interesting that these 
"materials are Properly designated and ‘not erroneously called “soil” as is so 
- Since most of the materials used in roadbed construction are obtained along : 
the line of f the road or from local sources of supply, the engineer should consider — 
a two factors: (1) The geological conditions that may affect the permanence a 
- Stability, of the roadbed; and (2) the kind, character, and proper utilization of oe 
the ‘materials available for r construction. to this has: caused, and 


rocks such a as granites, “quartzites, ‘and 1 many , in undis- 
_ turbed masses, might be considered ideal materials for roadbed foundations. 
_ They have low porosity and are known to be highly resistant under most ne 


ditions. | In the majority of cases, however, fresh, unaltered rock of any type is — 
C. 


seldom found in adequate quantities at or near the surface. In many areas, 


4 Prof. of Geology, | Univ. of North Carolina, Raleigh, N. 
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porn and rock decay have produced a mantle, of variable thickness, of 
‘decayed rock material which overlies t! the hard and fresh rock and grades gradu- 
ally into it. . = as in the Atlantic Coastal Plain, n, sediments which are not deeply _ 
weathered are found at at or near the surface, they are often of 1 variable | character 
and poorly consolidated. Since this is true, the highway engineer ‘is forced in 
- most cases to use materials that have high ‘porosity and low resistance and Te- 


- quire special treatment to be made into a stable mass such as is required i ina 


-modernroadbed, | 

oe suilding stone usually i is tested dry because its strength o often decreases 

when wet. T. L. Watson, F. B. Laney, and G. P. Merrill? have shown that 

7 ei sandstone, with an absorption of 3.71% and 4. 27%, tested only slightly more than 

one half as strong when saturated as when dry. This evidence strongly su sup- 


| ports 1 the ‘ized for the controlled mixing of fluids with solids if roadbeds are 


— The crushed ais gravel and sand used in the production 1 of concrete fi for 


‘road paving and the pr epecntion n of the concrete have been standardized and 
7 closely | controlled for many years. This paper definitely indicates the need for 


_ higher standards and better controls in the building of roadbeds. a 


8 Bulletin No. 2, N. C. Geological Survey, 1906, pp. 235-236. — nae 
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SEDIMENTATION AND ‘THE ‘DESIGN 


| By P. CHARLES STEIN, AND LYNN PERR 
a 4 ' 


STEIN,“ “Assoc. M. Am. Soc. C. E. obvious that 
heme particle suspended in a liquid will tend to settle. The difficulty e en- 
- countered i in applying this casual concept of settling to the design and operation — 
of sedimentation units furnishes enough proof of the need for understanding 
_ the principles of settling and related phenomena. A technical basis for the 
design settling processes must depend upon specific knowledge of the. 
properties of the suspensions to be treated and of the physical phenomena 
associated with flow through tanks, 
_ This paper should make more engineers aware of the mechanics of settling 
- tanks. Its scope extends beyond that mission, however, in that the concepts — 
- involved in the more important parts of the problem : are developed and definite — 
design principles are formulated. 
nl It is to be hoped that the | paper will help dispel the erroneous notion that — 
detention tim time is the important factor in the removal of f suspended matter. — 
For a given n settling velocity both depth and detention time govern 1 degree o of. 
_Temoval since, with a deeper tank, _a particle will Tequire a longer time to reach 
4 the bottom. ‘Thus, with a given estéling velocity, the ratio of depth to deten- 
tion time determines the number of particles reaching the bottom of an ‘ideal 
: tank. Simple algebra will show that this ratio is s equal to the rate of flow 
. divided by the surface area of the tank, which is the definition of overflow rate _ 
given 1 by the a author following Eq. 6. When one considers a particle settling —_ 
4 at a given rate in a tank, it is simple to § grasp the fact that depth divided by 
a settling ti time is the proper criterion for removal and that neither depth nor time 
The tests mentioned by the author | are not —" routine ones because 
‘standardized ‘methods have not been formulated. Thus far, data on 


- Note.—This paper by Thomas R. Camp was published in April, 1945, Proceedings. ‘Discussion on 

M y has appeared in Proceedings, as follows: September, 1945, by N Norv al E. Anderson, R. AS 

“ Cons. Engr. (Kuchler & Stein), Hill, Pa. 
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_ properties — ‘of suspensions e1 encountered in water and sewage treatment are 

4 extremely n meager, as the ‘author states. This scarcity of information mé means 
not only that there are no acceptable normal values at present to serve as com- 

_ parators but also that little has been done in the way of developing standard | 
techniques. — This lack of development does not nullify the value of the method 

of design described by the author. Instead, realization of the shortcoming 

_ should spur sanitary engineers toward a more scientific study of the treatment 

For new units it is. necessary, before design, to determine the nature of the 
suspension that will be obtained when the unit is in operation. If the new 
- unit is an addition to an existing plant, design information may be secured by 
“suitable interpretation | of tests conducted on suspensions existing units. 
If the unit is to be a part of an entirely new plant, then recourse should be had 
sanitary engineering laboratory methods or to a plant. In the 
ae entering into each stage of the process. ¥ Then, ‘the process is com- 
- pleted step by | Step on batch samples, the important variables in each step 
as chemical characteristics, “mixing time, degree of turbulence, v velocity 
: gradient, etc., being controlled with a view toward determining the optimu ae 
values of the several variables. In the course of this procedure, the settling 

i velocity analysis can be made at the proper time i in _ treatment routine. it 


= } ‘container of adequate design pat dimensions so that there will be no ee 


- mechanism of flocculation and its ‘relationship to the settling problem. Eq. 
26, which was introduced by M. von Smoluchowski,“ and Eqs. 25 are based 
= rather crude assumptions, | since their purpose in this paper is to show 
relative rather than absolute effects. In their development, the actual hydro- 
dynamics” of fluid flow about the particles has been ignored. - Microscopic 
studies | by the writer indicate that the process of flocculation by settling i is 
much more complex than the simple me mechanism pictured by the assumptions 
leading to Eqs. 25. Similar comments apply to Eq. 26 but analysis of the 
results of Darrell A. Root* along with torsion dynamometer measurements by 
2 the writer to determine | work input on n the Root apparatus | indicate that the 
+. proportionalities between rate of flocculation and concentration : and between 
on Despite t the very approximate nature of Eq. 26, it discloses important 1 rela- 
concerning the effect of flocculation during settling. Although actual 
7 problems involve polydisperse suspensions, which have been extensively studied 
_ by the writ riter, for simplicity, the considerations will be limited to particles of 
uniform size. * The conclusions with such a restriction are qualitatively valid. 
For spherical particles, it is evident that the: number of particles per 
"Versuch einer mathematischen Theorie der Koagulations-kinetic kolloider Losungen,”” by M. von 
Smoluchowski, Zeitschrift far physikalische Chemie, 
«8 The Effect of Temperature Upon the Rate of Floc Formation,” by Darrell A. Root, thesis submitted 


to Mass. Inst. Tech., Cambridge, Mass., in aes, | in partial fulfilment of the requirements for the degree 
of Master of Science. 
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"STEIN ON SETTLING 

volume of the ‘suspension will | equal the volumetric concentrat divided by 
_ the cube of the diameter times a constant. Introduction of this relationship 
“into I Eq. 26 discloses that the number of contacts per unit volume per unit of a 
. time is proportional to the square of the concentration, and that the percentage — 
of particles involved in contacts is proportional to the volumetric concentration | 7 
and 3 is independent of the size of the particles. For a velocity gradient | of 
10 se sec 1 and a volumetric concentration of 2 parts in 10,000 (roughly equivalent 7 
to 200 ppm suspended solids in sewage), the initial flocculation ‘Tate given fi 
.* 26 is equivalent to contacts involving 12% of the p particles per minute. 
a ‘For lower or higher concentrations, the rate of flocculation will be proportional. | 
ail From the foregoing, it should be clear that the effect of flocculation on 
‘removal should be particularly pronounced where the v olumetric concentration | 
B of of suspended 1 matter is high. _ WwW ith the volumetric concentrations ‘present tin 
Ww water and ‘sewage | treatment processes, s, the effect of flocculation on settling | can 
be ‘substantial. — ‘It is only with low concentrations of the order of 10 ppm or 
20 pr ppm . that the flocculation effect would be e negligible unless both: velocity 
gradient and detention time are large, 


s 
= 


_ The application of the meager available 2 information concerning floceulation 
in settling tanks certainly indicates that the. shallow tanks dictated by the | 
— settling theory are also more favorable from the standpoint of none 
‘tien on during settling. ill remain for pilot. plant testing to demonstrates 
the advantages: of the method of design presented by the author. Testing 
should be done also in units of existing plants. 7 The results n might well indicate — _ 
that a necessary increase in settling capacity can be attained by inserting 


“horizontal diaphragms i in existing tanks at considerably less cost than would © 


7 for building additional tanks. 


r? since it might lead to faulty « design of final settling tanks for activated ~ anal 
_Inthis example, it is assumed | that the | concentration | of the sludge i in the sludge — 
blanket is a function of the time of compacting only and is independent of the 
depth of the blanket. This means that, for a given degree of compaction, the 
Tate of subsidence of the sludge blanket is proportional to the thickness of the 
- blanket. That this cannot be a valid conclusion is indicated by a consideration 

of eee and compaction in a very deep tank. The assumption that Tate of 7 


in terms of the ratio of the volume occupied by the sludge 


oy the sludge blanket must sink at ‘a velocity § ‘greater ‘than the hindered 
settling velocity. This, obviously, is not possible. i in Example 2, for a 
tank 10 ft deep, the position of the top of the blanket for a sludge concentration -_ : 
of 6,000 ppm were calculated, it would be found that the rate of subsidence 
from point A of Fig. 4 to the depth corresponding to 6,000 ppm would be about — 
0. .14 cm per sec, whereas the hindered settling velocity is only 0.11 cm per sec. 
There isa similarity between the problem of compaction of sludge and of 
the consolidation of clays as found in soil mechanics problems. In both cases, 
the rate of consolidation i in a lamina i is proportional to the normal gradient of 
- the hydrostatic e excess pressure. Inas sludge blanket at a given n degree o of ‘con- 
it may be be e argued that the he hydrostatic e excess pressure at point 
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“is roughly to the depth of ‘sludge over that point. ‘Thus, the 


depth in the | stages of the. ‘compaction process. This” means that the 
‘rate of drainage of interstitial fluid will be independent of depth and that two 
blankets, one shallow and the other deep, would compact with approximately | 
the s same absolute velocity c of subsidence. In the final stages 0 of consolidation 
“4 the | compaction in deep tanks will be greater than in shallow tanks because 
of the increased weight of sludge over t! the bottom layers. 
“TN In 1 general, the results ; reported by Willem Rudolfs, M. Am. Soe. C. E., 
and I. O. Lacy," cited by the author , are at variance | with the author’s: con- 
“clusions respecting the effect of depth on sludge compaction. . To secure data 
on this specific problem, Messrs. Rudolfs and Lacy made tests of settling 
and consolidation in glass tubes with initial depths of 117 in., 93 in., and 45 in. 
The results taken from curves!* presented by Messrs. Rudolfs and lew have 
‘been calculated to give a nondimensional plot, devised by the writer. In this 


‘plot, as nted i in Fig. 19(a), a value of v = 2.5 in. per min was used in | com- 


— Depth of 45" 
——*x—— Depth of Sample =93" ome 
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Setting Time Modulus = (v=Settling Velocity; t=Timey) 
puting the abscissa. If the settling velocity were the sai same for the ‘three 
samples a and the absolute rates of subsidence were equal, the curves for the 


depths would ¢ coincide. . (In Fig. th the ‘settling time mc modulus 


16 ‘Settling and Compacting of Activated Sludge,’”’ by Willem Rudolfs and I. O. Lacy, 
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Actually, the plotted ‘points show a substantial seattering. - However, it 


e = | = settling velocity; t = time; H = = tank depth: peor D= - depth of sludge. J 


will be observed that the placement | of the curves does not represent a con-— 
sistent order, the results from the deepest: tube being between those of the inter- 
n | ‘mediate and lowest depth. — After 19 hr of settling the results were consistent, 
se the sludge depths being, respectively, 12%, 14%, and 16% of the liquid depths 
_ for the 117-in., 93-in., and 45-in. samples. — _ The writer believes that the tests 
he shown in Fig. 19(a) constitute a rough check of his contention that the absolute = 
1- rate of consolidation in the early stages is independent of sludge depths. The 
ia - failure to achieve perfect coincidence of the curves is due to experimental error. 
eo From the breaks in the curves for the individual samples, the writer would 
n. conclude that there were re arching effects present. due to the use of settling tubes: 
which did not have a sufficient diameter. The writer has found, in con- 
is. golidation tests made with calcium carbonate and with clay s suspensions, that 


n- the settling tube must be large with respect to the depth of the sludge 
. To secure data of greater precision, the writer performed. consolidation tests | 
with two jars containing a floc made by coagulating a suspension of red clay 
q with ferric chloride, ammonia, and sodium chloride. - Both jars were 5.2 in. | 
in internal. diameter. Jar A had an initial depth of 8. 89 in. and the depth . 
in jar B was ‘417 ine After coagt lation, the floc was poured back and forth 
in the two jars to insure equality i in condition. © It was found that the hindered — 
‘settling velocities in in the two jars, as well as the time rate of subsidence at — 
equal degrees 0 of compaction, were identical within the limits of experimental 
= as shown on the nondimensional plot presented in Fig. 19(6). The 
hindered settling velocity of the floc used was found to be 0.125 in. per min 7 
| a the total duration of the test was 9 hr. . Although only the first quarter 7 


curves even for the e end of test. Iti is to be e expected that there would be 


of the test is shown in Fig. 19(b), the results of the two . samples. gave » identical - 


‘This material is presented because it serves to throw a small amount of 

i light on the problem of sludge compaction, which is a part of final settling tank 7 

design. The data presented were obtained with a clay floc and not with floc” 4 

- from activated sludge plants. : Unless the floc from activated sludge plants is _ ; 

Rs radically different from other types « of materials, the general conclusions of the 

should be valid. Comparison of Fig. with Fig. 19(b) shows that 
the general a = curves obtained with activated d sludge and with a clay 


intergranular pressure in in the blanket for the deeper sample. 


| ee It would appear, then, that better compaction in a given detention time 
ree - would be possible with shallow final settling tanks than with deep tanks; or, | 
the § for equal degrees of compaction, less time is required with thin sludge blankets: 7 
i than with thick ones. Thus, shallow final settling tanks would require less 
detention time to obtain a ‘specified concentration of sludge. With 
.: sludge, this is an important biological consideration because. long absence ae 


from a medium rich in oxygen will reduce the viability o of the active organisms. 


— 
q 
a 
4 _ 


PERRY ON SETTLING TANKS Discussions 
Perry,“ M. Am. Soc. C. E. of the fundamental prin- 
ciples of flow and fluids have changed radically during the past generation. 
Capable investigators with laboratory equipment, frequently inadequate, have 
’ correlated widely scattered bits of information, checked over the fundamentals, Jf 
: F and secured an immense amount of supporting laboratory d: data. This work rkis | 
The more mature men of the engineering profession who» were brought up 
and “Hughes ‘and Safford,” with their detail about Kutter and 
. on _ other early investigators, find it extremely difficult to imagine that the film of | 
ss @ moving fluid in contact with the wall of a conduit is stationary. They have . 
4 been engaged in design and construction during the most active and progressive — 
q generation in the history of the human race; and they will hold to the empirical — 
EC methods of design which have been tried and found fairly satisfactory for their — 
"purpose. It is the younger generation who, \ with | proper training, , will bas base 
» Dimensional analysis gives the proper form for an equation but, unfortu- i 
7 nately, it does not yield a numerical result. | Numerical results, onfliciently’ 
accurate for design, are required by the designer, and are required promptly. 
theoretical must be by considerable 


= 


tion is desired to separate heavier suspended solids from the lighter. Some 

years ago, the writer came into the possession of information whi which led to the . 
curve presented in Fig. 20, the equation of which is" 

: 


solids i is necessary, , where no o deposition i is 3 permitted, o or where a eestied deposi- =f =| 8 


t 

t 

t 
= In Eq. 38, fail is the velocity o: of water in which sand of various particle sizes will | S 
I 

f 


settle; G, is the specific gravity; and D is the diameter of a particle. 
curve has been used and found to be trustworthy. The line is for sand—not _ 
spheres, ct cubes, or any other geometrical figures—plain sand (G, = 2.35). It 
has been checked from time to time, and the small circles indicate the results of f 
_ laboratory observations: at Lafayette e College, Easton, Pa. For heavier or | 
lighter ‘suspended solids other such curves are available. . For velocities « and 7 
_ sizes below the c curve, deposition will o occur; for velocities above the line, the — 
solids will be carried along with the current of water. In many industrial , 
_ processes the velocity of the water carrying the solids in suspension can be con- z 


trolled. The necessary controls for maintaining a constant velocity of water 

: or sewage passing through a municipal treatment plant would be a subject for § 

_ another paper. Engineers are competent to design a satisfactory water or 

— — treatment plant for a predetermined rate, and for a specific — 


bal 
Engr., Dept. of Water and Sewers, eid of Miami, Miami, Fla. 
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plants they have designed and built. Although they have an academic knowl- 

; edge of operation, they seldom face the trying problems that confront the opera- 

tor. This trend in engineering development has produced a rift between the 
designers and the operators. _ An unequal settlement of a — hundredths o of a 
foot is the source of ‘much 


3 8 
than a failure to secure a “100 


‘designer is always secking 


knows that goal is un- 


entirely w with the of ans 
nature. | The operator, on 
the other hand, is con- 
frailties of human nature. 
‘Theoretically, engi- 
neers should be able to 60 
develop: the desired effect 


» 


in the laboratory or in the 

pilot plant, and attain the = sof 
same effect in the proto- 

type. . When this cannot 
be done, it indicates that — 


“them is something about 


the model law that‘is not a | 


— 


; quite familiar, and another 

of empirical constants 

must be developed to to give 
fairly accurate 7 


a 
Tesults. Either engineers 20 | 
constants or their 
“dimensional analyssnecds |_| | | | | | | | 


0 
conventional cit cir- iameter, in Mi limeters 


= ‘radial- flow sedimen- Fia. 20. oy Waren or Vartovs 


tation: tank has several 


serious faults. Not the least ‘of these is ; the e tendency toward unequal flow in 
‘the different quadrants. In some cases it is serious; and in relatively few cases” 
has the problem been solved to the satisfaction of the operator. — Wind veloci- 
ties and wave action n may be involved, but it is difficult to imagine any con- 
siderable uniform and constant effect from prevailing low 7 wind velocities. = 


| ‘The results of an exhaustive series of observations made | on full size units 
Plant, | ., have been ‘reported 
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by Norval E. Anderson,“ M. — Soe. C. E. A careful examination of the re- 
sults reported would seem to indicate that deep tanks are unnecessary, and 
that there is plenty of room for improvement in the geometrical fi igure. it may 
_ be that, int order to conserve ground : space and economize in construction, many 
tanks have been built . deeper than n necessary. ye Perhaps undue weight hae been 
given to the theoretical period of detention while some of the more ee 


_ The writer cannot refrain from entering a protest against the practice of 
4 drawing the sludge from the effluent end of a tank. Provision should be made 
to draw sludge, once settled out of the water, just as far away from the  Over- 


flow weir as possible. This will provide for resedimentation, if necessary—a 


7 The subject 0: of f trays i is not quite new. Such provisions have not n met with 
marked enthusiasm in the past. - Further development i in the details of design 
may bring more favor. In this. connection, it might be timely to m mention, 


once more, that handling a hundred million gallons of water or sewage per hg | 
presents more problems than merely building a number of smaller units. A 


multitude of factors, which may be overlooked as of negligible importance or 
easily met in a small plant, grow to major difficulties in large installations. —_ 

a ‘Thea author de deserves a great deal of commendation for the logical and attrac- 
tive manner in which the paper has been arranged; and for gathering, i in one 
place, the pertinent ¢ elements on this subject. It serves to focus attention 1 to 

a ‘the present status and recent developments i in this extremely active and pro- 
7 gressive field. It deserves es amplification to several times its present length, and 
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valuable and long- awaited sequel to the author’s s paper o on “The Silt Problem. abel 


_ To many r readers it may have been somewhat of a surprise or mild shock to a 
learn that the estimated life of Lake Mead is less than that of Elephant Butte 
Reservoir. These two reservoirs, however, have such similar lengths of life 

a that it seems desirable to examine whether that most useful tool in sedimenta- 
tion studies, the capacity-w atershed ratio, may be applied effectiv ely to 
that si such similarity i is These ratios are: 


q 
E, Coupwe1t, 60 Assoc. -M. Am. Soc. C.E. paper furnishes a 


Reservoir Acre-ftpersqmile 
» 
28, 632 171 
“167,000 
® 
For re reservoirs in Sa Oklahoma, Carl B. Brown, = Assoc. M. Am. Soe. 
_ E., has shown that, on the average, the annual storage loss for reservoirs 
with capacity- -watershed ratios of 102 and i71 may be expected: to be about 
0.88% and 0. 85%, respectively, city. Applied to 
_the.two reservoirs in question, , the resultant | values of 114 years for Elephant ; 
= » and 118 years. for Lake Mead are very ‘similar; a: and, after due considera-_ 


eet Notse.—This paper by J. C. Stevens was published in May, 1945, Proceedings. Discussion on this 7 
_ paper has appeared in ee. as follows: October, 1945, by D D. C. Bondurant, John H. Bliss, Luna B. ao 
_ Leopold, Carl B. Brown, and G. E. P. Smith. 
Associate Engr. (Hydr.), of Engrs., War Dept., Tulsa, Okla. 
Received by the Secretary August 22,1945. 
“**The Silt Problem,” Cc. Stevens, Transactions, Am. Soc. C. Vol. 101 (1936), p. 207. 
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tion is given to variation in location, climate, topography, and other conditions, 
_ these results appear to be in good agreement with the estimates of the author. 
a in There is the possibility that either the capacity-watershed method or the - 
linear method used by the author for estimating the lives of these reservoirs: 
_is too severe during the later portion of their lives. Large reservoirs in their 
d early years have the ability to settle out virtually the entire inflowing sediment 
load, but with the passage of time the size of detention basin available becomes 
"smaller and smaller until eventually a major portion of the  inflowing sediment 
could be carried past the dam or deposited at elevations above the original 
pool level. McMillan Reservoir o on the Pecos River seems to be a case in 
point. Much has been written, n, notably by the late R. F. ‘Walter, M. Am. 
— Soe. ei. E., about the effectiveness of the vegetative screen upstream from this 
: lake, and since the writer has not had the opportunity to inspect closely these 
4 tamarisk thickets there is no desire on his part to minimize the value of this 
vegetation in preserving the capacity of McMillan Reservoir. question 
is raised, however, | as to what the condition of this reservoir would be in 1945 
if the dense vegetation had not been present for the | 30 years since i 1915. 
This is an example o of a small reservoir built on a | large drainage area. . Its” 
Speed stir ratio has not at any time been more than 4 acre-ft per 
sq mile. Assuming an annual sediment inflow upstream from the vegetative 
screen of tons per sq mile, approximately 183,000,000 tons of sediment 
(or, at 70 lb per cu f ft, 120, 000 acre- -ft) had been ‘deposited above lake level, , 
in the lake, or had passed the dam in the 18- -yr period fron m 1915 to 1932, 
inclusive. The capacity of the reservoir was depleted by only 5,000 acre-ft. 
> during this s period. Why did not the portion of the re remaining 115,000 acre-{t_ 
- whieh passed by the vegetative screen become deposited permanently in the 
lake? Probably because the cross-sectional area of the remaining reservoir 
was so small that the velocities of sediment-laden inflows were not reduced 
any more by the lake than they had been by the vegetative screen. It has 


- - occurred to the writer that possibly if there were no vegetation above MeMillan | 
_ Reservoir its capacity would have now been additionally depleted only by an 


amount sufficient to insure that there would be s sufficient: velocity during 
high- water flows to carry all sizes of sediment past the dam. — - Floods on this : 

river are often. large enough to fill the remaining capacity of the 1 reservoir in 
q from one to two. days, so it appears that, except for the vege of low flow: s, 


MeMillan Reservoir virtually has become, so to speak, run-of-the-river 


CS project, and possibly has been so for many years. It may be noted, as ‘shown © 
in Table 11, that not during its life history has this lake had its capacity — 


depleted by: more than about 60%, even i in its early years when the sediment 


are available profiles’ of the original and recent stream bed through this 
reservoir and upstream from it; and whether the volume of above-pool sediment — 
deposits (which by now must be large) has ever been measured by valley cross 


Bois 8 Discussion by R. F. Walter of *“Silting of the Lake at Austin, Texas,” by T. U. Taylor, Transactions, _ 

me} From the discussion by R. F. Walter of “‘Silting of the Lake at Austin, Texas,” by " T. U. Tayl lor, 
_ Transactions, Am. Soc. C. E., Vol. 93 (1929), Table 8, p. 1722. 


appeared so. severe. It would be. interesting to know whether tlere 
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MeMillan Reservoir has had its life history complicated by the construction 


of reservoir storage upstream, as eventually may be the case with all worth-— 


r. 
while r reservoirs on heavily-laden sediment streams. A Either’ as the result of 
rs. “acts of nature or man, it appears that the ri rate of sedimentation of reservoirs 
i, may not be a linear function, and that at s some indeterminate time during — 
nt __ lives such a change in rate of sedimentation will act to their advantage. Ine 
TABLE 11. -—RELATION OF Sepmment Dexposirs IN McMILLAN RESERVOIR» 
TO OTENTIAL ORIGINAL StoracE Capacity aT VARIOUS ELevaTions 
Spill illway Sedi d Ratio of sedi- 

* on reservoir imentation had occurred | crest level to 

‘1915 27.0 90,000 48,500 | 54 
on 1925 27.0 | 90,000 «62,000 58 

ts the case of Elephant Butte Reservoir and Lake Mead this n may occur too “od 
er : to be useful in preserving : any significant capacity for much additional time. 
ve However, 2 at Lake Mead any storage thus accrued will be that much in addition 
nt to the 2.5 million acre-ft of residual storage which the author has shown will 
el, ‘remain available as regulating storage. The study of sedimentation of reser- 
2, e- = has gained such momentum, in the ten years since 1935 (and the problem 
ft ~ certainly deserves such study), that it may now be time for investigators to ; 
ft _ evaluate the possibility that they are swinging with the pendulum toward the : 
he tendeney for predictions of t too ‘pessimistic a nature. For instance, suppose 
ir - the ¢ curve of Fig. 3 were extended with only slightly decreasing rates from the 7 
ed two points on the curve for Elephant Butte. much alife 
as reservoir could then be expected to 
an sai It is gratifying to note that the author has treated the reservoir for sediment | 
an storage as a necessary part of river-basin development rather than as a nuisance 
ng § that should be built only: if storage for other purposes fails because of ae 
his wit with | sediment. There comes to mind a remark by an | engineer concerning a 
in - project to the effect that “They provided enough space to store the water, 
v8, ‘& but forgot about a place to store the silt.’ Bid At that time the writer was not 

rer particularly concerned with sediment. problems, but: the cc cogency of this state- 
ity calls attention to the of problem areas in 
nt ies river basins. — _ Similar areas have been found in the Arkansas River basin 
re 4 : in Oklahoma. as the result of investigations by the U. , §. Engineer I Department. 
nis Of the total water and suspended sediment flow in the Arkansas River as it 
crosses the -Oklahoma-Arkansas state boundary line, the Canadian River 


furnishes approximately, 68% of the sediment but only 22% of the water; 
the Cimarron furnishes approximately 11% of to sediment but 
— qt only 5% of the water. These streams drain the arid and semi-arid area a 

consisting of northeastern New Mexico, the Texas m= Oklahoma panhandles, 
Kansas, 


; 
~ 
— 
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their eastern watersheds being i in ‘subhumid territory. After ¢ entering the 


main 1 stem of.the Arkansas River the sediment-laden water from.these rivers” 
- becomes diluted by the less turbid water of eastern tributaries, reducing the 

~ sediment ‘concentration but not the to tal load. . i» the course of the study 
«of duration of heavy sediment flows a relationship between tributaries _ 


streams was found, which i is generalized in Table 12. able 12,0 


‘TABLE 12.— RELATION SEDIMENT- Carrying CHARACTERISTICS S OF 


Main 


a Peg ie oF Days PER YEAR REQUIRED FOR THE TRANSPORTATION OF EacH ONE THIRD OF THE 
: 


1B 4 
= 


Intermediate flows........... 


RANGE OF STREAM Sracn Durine Wuicu Eacu One THIRD OF THE = Torat ANNUAL 
 SusPENDED SepimentT Loap Is TRANSPORTED 


‘Highest flows...............| Above bankfull ||. Above bankfull to half bankfull 
‘Intermediate Above bankfull to half bankfull Half bankfull to quarter bankfull 
Lowest Half bankfull and below Quarter bankfull and below 


Before the entrance of tributaries. After the entrance of tributaries. 


7 + The significance of this table is that in the larger streams the transportation 
of significant amounts of sediment is a more continuous process than i in the 
small streams. In cot conducting i inv vestigations of the ; possibility of venting, by 
density currents or otherwise, some > portion of the inflowing sediment t] through 
flood-control and multi-pu purpose. dams, it ‘is necessary to watch closely the 
elationship between capacity of outlet works, size of permanent and tempo- 
rary pools, and the incoming rate of flow even at times when such inflow is 

_ It seems wise that the author did not extend the estimated lives of Elephant 
“Butte Reservoir and Lake Mead on the basis of land management. . When pt put 
in terms of average areal soil loss, the 198,000 acre-ft of annual deposit in 
Lake Mead amounts to an equivalent thin layer of less than one fortieth of. 
- inch over the entire drainage area. Every particle of soil saved at the 
headwaters rs should gratefully appreciated by operators of dow: nstream 


7 projects, but the la latter should plan, for reasons of safety, as if conservation 


a ‘measures would not decrease the sediment problem. — _ The major premise for 
this belief is the ‘difference i in design criteria between ult agricultural struc- 
tures and major river projects. Because of economic considerations, terraces, 
small stock ponds, and other water-spreading devices seem ‘seldom to be | 
expected to care for storms of greater intensity than 25-yr frequency without 
failure. The damage done at the time of failure may cause the loss of much — 
soil which - been saved during previous | years. It is ‘to be noted that, P| 


when a terrace near the top of a — each succeeding low er 
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LANGBEIN ON FUTURE OF RE SERVOIRS 
breaks. The concentration of water at the points of breaking 
tends to create a gulley. The larger reservoirs downstream, designed to 
_ withstand much more severe conditions, , must be prepared to accommodate — 
sediment inflows caused by these intense upstream conditions. 
Any reservoir that h has a life of from three to twenty generations of ankind 
| peer be considered as a national asset if it provides efficiently the benefits 
for which it was designed during its life. - Surely there are few citizens who- 
would say that the nation would now be better off if Boulder Dam had not 
been built, just because it might be full of sediment 135 years from now! Is" 
there a possibility of extending the length of usefulness of reservoirs by turning 
‘sediment deposits from liabilities into assets? This appears to be a challenge 
to res research engineers of the future. Soil that has been washed from Okishoma = 
farm land should be more cntie if left in Oklahoma than if d ed in 
“the Louisiana delta, which already has all the rich soil it needs. — After extensive 
- sediment deposits have occurred in ‘reservoirs, is there a possibility of controlling 
floods on them by upstream diversion or storage and | then raising crops on this 
fertile land? Many of the valuable bottom-land farms of this nation are the 
“result of sedimentation caused by flooding, and on them crops are grown of 
~ such utility that the danger of flooding i is worth risking. = C. Gottschalk 
| has shown that river silt acted as an effective fertilizer when mixed with 
— loamy sand from a cultivated field i in significantly i increasing the yield of a crop 
- of millet. 7 This experiment w was made under greenhouse ¢ conditions where there 
were no W worries about drainage, volunteer vegetation, ‘Selective « deposition of 
various qualities ‘of soil in layers, and other. problems which would be met in 
: trying to cultivate the delta areas of a lake. Would these deltas be good sites 
for fertilizer plants? Could a water-tolerant crop, such as rice, be grown 
successfully? Possibly the answers to such questions : as these will be available 
by the time the students of the future have the opportunity to assess the 
validity ‘of present-day prophecies as to the future of reservoirs. ee 


Watrer B. Lanse, ‘Assoc. M. Am. Soc. C. E. the 
-short- term measurements of sediment transportation in order to estimate the — 
life of 1 major reservoirs, consideration of the ‘ “arroyo problem” in the South-| 
west is relevant. The question the “writer wishes to introduce is: How 
“representative. of long-term conditions are the sediment loads now being 
measured i in the major streams? — The ultimate source of the sediment would 
‘seem to be the minor _washes and their. laterals 1 which in the Southwest : are 
only wet- -weather | courses. “Muddy floods accompany and follow rain, but 
throughout. the remainder of the year the stream beds are e dry. ns — 


their present condition, Kirk Bryan states:® 

‘These ephemeral streams flow in valleys floored with 
twenty to one hundred feet thick. The alluvium has been accumulated 


ws 


& **Results of an Experiment on the Improvement of Sandy Soil with er Silt,” by L. C. Gottschalk, 


Special Report No. 3, Sedimentation Sect., SCS, U D. A., Washington, D. C., November, 1942. 
“ Hydr. Engr., U. S. Geological Survey, Washington, D.C. 
il i ‘Erosion in the Valleys of the Southwest,” " by Kirk Bryan, New Mexico Quarterly, November, 1940, 
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by the up of the grade of the before the year 1880, 
_ ‘Tan in discontinuous shallow channels and during floods spread widely 
_ over the valley floors. After 1880 and continuing to the present, stream 
after stream has cut a deep channel, or arroyo, twenty to fifty feet deep 
_ into its valley floor or flood-plain. — “The mud excavated from these channels 
or arroyos is carried into the main rivers, and as the arroyos are widened 
by each successive flood, more mud is carried down. Because of the main f 
streams, the Colorado, the Gila, and the Rio Grande, great reservoirs have 
7 been built, the increased load of mud will, within a few generations of men, | 
nt fill the reservoirs and render them valueless for storage. This is the great J 
arroyo How and at whose expense these reservoirs to be 
still, 


there i is a vertical-walled gulley trenching the valley headward mile after mile. 
It is not uncommon at ‘present | to find well-defined roads leading to the walls” 
of an arroyo and appearing on the opposite bank, showing that not | many 
years | have passed since white men forded the stream with teams and wagons — 
or even motor vehicles. The Rio Puerco, now a dirty tributary of the Rio 
Grande, wa was once such a stream. Rio Viejo, as the Rio Puerco is fondly” 
recalled by the e natives, is well | marked i in many places by lines: of dead cotton- 
woods. The entrenched Rio Puerco reaches headward for -@ distance of 
The present situation is there is sufficient evidence to discern 
2 situation in Civil War days, but what induced the change? — eae: 
a A prominent theory advances the idea of a changing climate, suggesting 
_ that alternations from a more humid to a more arid climate in the Southwest 


have produced successive of and erosion. - Years: of 


_ to be times of minimum erosion n by running water and consequently times of 
silt transfer to the lower reaches of a stream. Existing conditions 
= = are explained largely to to have ‘resulted from a change to a more arid 
climate. A hypothesis, and. the most “publicized, 


a wy 


a. & ae me 


— but differ as to the e major cause of that destruction. — "Regional uplift ¢ causing 
eS of slopes i is still another hypothesis that is offered to explain the 

= g ar change, although there is little to ‘support : and much to discredit such a theory. ‘ 
‘It is a striking fact that the beginning of the arroyo cycle and the migration 
of cattle and sheep to the Southwest share a common date, and this circum- 

stance has tended to encourage argument, one school arguing that the coinci- 

dence | proves the guilt of man. «Still another school argues that the cow is 

rather humble as a geologic agent and that, at worst, overgrazing was merely 

the trigger pull that timed the cutting rather than its cause. The engineer 

might well undertake as far as possible to retain a judicial view and establish 


any conclusions on documented evidence. 
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arid and existed in the 18 1870-1880. The 
were 1 more commonly discontinuous, as might be formed by local storms in 7 

eroding a small reach; the spreading of the water reduced the carrying capacity - 

and the load was deposited no great distance beyond. Successive intensive - 
storms served to carry sediments progressively downstream, but the movement 

ae not continuous. _ There are indications that the present situation is quite 

diferent. Something has happened. The short discontinuous gullies in many 
basins have been integrated into a single gully system of ‘spectacular dimen- 


| believes, because facts in ‘the quantitative sense a are e few i in » number; nt, indeed, 
the feeling is commonly expressed that conclusive evidence may never be 
- established . A satisfactory working theor as to the cause would be valuable 
y y 
in framing a preventive and remedial policy and, more importantly, in avoiding ; 
measures that operate in opposition to natural adjustments. 
4 — Overgrazing can be indicted.on its own account. The \ western range is a 
Source of t the Major part of the nation’ meat use of the 


domain, The attitude here is ‘not unlike that of a conservative landlord 


overgrazing proper management of livestock i in the 


wut _ Evaluation—through rz range surveys and mapping—of the grazing capacity 
; of the several parts of the federal range, construction of stock tanks, drilling 
of wells, development of ‘springs, 2 and construction of fences to facilitate 
. proper areal distribution of the grazing load in proportion to the capacity are oo 
all parts of modern range management. They can be justified in terms of meat 
3 production. The extent to which such management contributes to retardation 
of erosion cannot be estimated. — Direct measures, such as the construction 
check dams and similar structures intended to arrest the deepening or head- 


progression of gullies, have been widely attempted, with pla 


- Tesults i in some » places and an aggravation of the condition in other places. 


| 4 ‘The situation h has existed chiefly, it is believed, because (1) the introduction _ 

1 of such structures tends to upset the new balance that was being attained ; a 

| and (2) the structures were built of local materials erosive by nature. Arrest- 

| ing the erosion of headwater gullies is attractive for its local benefits. In 
“many places, notably Rio Puerco, streams have lowered their beds below nll 7 
level of irrigable lands and subdrained the valley ground water. Any reduction — 
of sedimentation in downstream reservoirs and elimination of other Rice, 
-damagee effected are added, although highly significant, benefits. evertheless, 
‘no assured methods of arresting the erosion of deep gullies on widespread 


grazing lands of low unit value have yet been devised. | 
bulk do the newly channels represent? No general 
‘Surveys have been made to answer this question. . Mr Bryan and George M. 


- Post in 19278 reported convincing evidence that the Rio Puerco had trenched 


® %**Erosion and Control of Silt on the Rio Puerco, New Mexico,” by Kirk Bryan and George M. Post, 
to the Chf. Engr., Middle Rio Grande Conservancy Dist., October, 1927 (unpublished). 
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to the Elephant Butte Reservoir are being derived from the extension and = | 
7 widening of this arroyo system. In addition, the trench now serves as a great 
flume to carry sediment directly to the main valley. . From channel cross ff 
= sections they estimated that between 1885 and 1927 about 395, 000 acre-ft of 


sediment, or an average of 9,400 acre-ft per per yr, was | produced na the trenching 
the Rio Puerco and | its tributaries. = = 
og Ina an effort to gain n further factual information on the valley trenches, the 
Geological Survey, in in | 1984-1936, mapped three gullies near Shiprock, N. Mex., — 
‘a in detail. Repeat : surveys in 1944 revealed only minor “enlargements, the 
greater part of the gullies in that region showing signs of quiescence rather than 


aggression. — Lack of activity may suggest nothing more than that few, if a 


-loudbursts visited the area during the elapsed ten years. Other surveys have 
since been made i in several areas W here ® repeat surveys are also iso planned. ae 
Most of the gullies are approaching the heads of their respective valleys: 7 


mcs they have not t already reached there), and. -before long must derive all their a 


sediment loads from side cutting. _ When this a is reached there i is eee 


to impinge on the banks and hence less opportunity for the stream to load up. 
‘The lower parts of many gullies already have reached the state where there 
is little : side cutting and the banks are showing evidence of a reduced rate of _ 
‘cutting. Possibly t the peak annual sediment load of these streams has already 
~ passed. — Unless man in intervenes, the end point ¢ can be reached only when the 
- valley sediments are removed to the | level of the entrenched stream. ef 
ad What of the future? Should Mr. Stevens’ extrapolation be be straight lines, 


convex upward or convex downward? 
Field evidence, substantiated by artifacts, points to several periods of 
“erosion and sedimentation. _ Mr. Bryan® places the period between 1100 A. D. : 


and 1400 | A. -D. as another period of erosion, and the period between 1400 and : 


1870 as one of sedimentation. © Evidently erosion, like rainfall, r runoff, and 
other hydrologic factors, follows seemingly cyclic sequences. ‘Field 1 evidence 
cited suggests a slowing rate of removal of sediment in . gullied valleys. ~ How- 
ever, there are many valleys as yet untrenched or where gullies are shallow. 
and discontinuous. — Aggression in these places may initiate a new and deeper 7 
erosion cycle, so the situation is not altogether clear. 

7 __ However, to the extent that man has contributed to the cause or growth of 
_ valley trenching, the situation may in time be adjusted. The wider acceptance 
of controlled grazing should lead hopefully to some | amelioration. — To the | 

_ extent that nature through climate i is the cause, ‘man’s influence is problematical 7 

> impotent and forecasts are’ difficult. The writer believes” that, to the 
_ that experience since the building of major reservoirs may have co 
_ incided with an aggressive phase of the erosion cycle, the long-term outlook 
* may be more optimistic than other evidence suggests. Nevertheless, without 


1940, ‘Erosion in the Valleys of the Southwest, Kirk Bryan, New Mexico Quarterly, 


1940, P. 229. wer: 
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quantitative knowledge of the effect of modifying factors one hardly can find > 


serious fault with Mr. Stevens’ straight-line extrapolation. 


$8. Howarp,” Arritiate Am. Soc. C. E.—As reported by Mr. 

ey ‘in Part IT of this paper, a large proportion of the sediment carried into Lake ~ 
-Mead comes from the s sedimentary plateau that contributes a a relatively ‘small 
proportion of the water (64% of the sediment and about 20% of t the water). 
Other computations based on the data given in Table 6 indicate that the sedi- 
ment loads at the Bluff, Cisco, and Green River stations amount to about 54% 
oft the load measured at the Grand Canyon gaging station; but the runoff for the 
three v upper stations amounts to about 92% of the ell at Grand Canyon. 


> 


- Iti is apparent | that high concentrations and large quantities of sediment are 
‘brought into the Colorado River from unmeasured sources. The Little Colo- 
- rado, San Rafael, Fremont, and Escalante rivers are the principal tributaries’ 
Grand Ceayen whieh, ‘unfortunately, sediment records are not avail- 
_ able. It is desirable that records for those streams, and also for the Virgin and _ 


Ir Muddy rivers, should be obtained. 


“ Mr. Stevens has made estimates of the rate of sediment deposition i in the © 

i various proposed reservoirs, using different weights per unit volume for the 

“4 different reservoirs. It is doubtful if the available information is adequate for = 
re 


the accurate ‘selection of such weights, but studies « on the rate of sedimentation 
in Lake Mead should provide - valuable information on the. density f reservoir — 

of 

deposits. Such studies should include the determination of the volumes of 

ol deposits that have been formed in various parts of the reservoir and determina-_ 


tions of the sizes of the particles in those deposits. — Correlation of the data on 


7 particle size of the deposited material and of the material carried in suspension ff 
” 7 will make it possible to predict future rates of sedimentation and, to some 
extent, the places of f deposition. 
In his concluding paragraph’ Mr. Stevens states: “The available data are. 


pitifully meager, and must be greatly enlarged before ar any constructive ——— 
for relief can be developed.” The data are meager and inadequate, not only © 
as to quantity but also as to welite: but in the past few years steps have been 
taken to obtain more adequate data on sediment concentrations and loads. 
‘Ther reports” to which Mr. Stevens refers describe studies that have been made 
‘through | @ cooperative agreement between the Office of Indian Affairs, Bureau 
of Reclamation, T ennessee Valley Authority, Corps of Engineers, ‘Geological 


Survey, Department of Agriculture, and I Towa | Institute of f Hydraulic Research. : 


‘Through the efforts of this group, | studies were made of the 2 existing methods o of 
‘sampling and analysis of the samples. _ Thereafter, improved types of —— 
were” developed for the collection of depth-integrated and ‘time-integrated 

q samples. _ _ With these improved samplers it is possible to obtain accurate in- 
formation on the average sediment concentration; also the sediment esses ll 
tion at different points in the cross section. In addition, a . study of methods of a 


< 
, ae Dist. Chemist, Geological Survey, U.S. Dept. of the Interior, r, Albuquerque, N. Mex. 
Received by the Secretary September 20,1945. 
bag in and Analysis Loads in Streams,” Reports 
_ Nos, 1 to owa Inst. of Hydr. Researc owa City, Iowa, 1940-19438. | 
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FUTURE OF RESERVOIRS Discussions 

analysis” of particle s size led to the development of a bottom-withdrawal tube 
method that gives promise of being a useful procedure for determining the | 


size of suspended and deposited sediment. 


Data to supplement: Table - 4, for 1 three years following 1941, are presented 
in Table 13. 13. The to totals an and | averages given are the results of combining both 


TABLE —SusPENDED SEDIMENTS IN THE CoLorapo River BASIN 


Sept. 3 Green- — Cisco, _Lees 
et 
i Colorado | Colorado | Colorado 


Years of record... ‘ofrecord...) 15 


1943 
| 


Total 


- Storage of water in a reservoir, as in Lake Mead, affects the chemical char- 


acter of tl the water | available for use below the reservoir. Studies of the quality 


of water above, below, : and i in Lake Mead show that the water r released from. . 


"reservoir; the maximum concentration of the outflow from Lake Mead since 
_ storage began has been about one half the maximum concentration ‘of the inflow. 
The average concentration of the outflow, however, has been somewhat higher 

- than the average concentration of theinflow. Studies of the chemical character 
of the water i in the inflow, outflow, and the lake have shown an increase in the 
concentration of certain constituents and a a ‘decrease i in the concentration of | 
other constituents. The increased d concentrations ar are undoubtedly caused by 
the solution of the soluble constituents of deposits along the lake and the de 
creased concentrations represent chemical precipitation of certain constituents. 

_ The records indicate that, for the period from February 1, 1935, to September 30, 
1944, 15, 933,000 tons of solids were dissolved and 7,237,000 tons of solids were 

precipitated during storage in Lake Mead. It seems likely that the rate of solu- 
tion will decrease as the soluble salts become less easily available, but the rate of | 
chemical precipitation will remain constant and after a period of time tl there will | 
be a small net decrease in the capacity of the lake because of these chemical 
“processes. — The volume e of deposits formed by chemical precipitation will be a 
small percentage of the volume of deposits of suspended. sediment from the 
ta and it will be many years before the deposits from chemical precipitation 


_ will form an appreciable part of the deposits in the reservoir. There is, of 


aL. 7 **A Study of New Methods for Size Analysis of Suspended Sediment Samples,” Report No. 7 of “A : 
“Study of Methods Used in Measurement and of Sediment Loads in Streams,” Iowa of Hy dr. 
‘Research, Iowa City, Iowa, 1940-1943. = 
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Ee. stratification throughout the lake and the concentrations of dissolved © 
solids in different parts of the lake vary from about 600 ppm to more than 900 - 
ppm. _ Through regulation of releases of varying quantities of water from the - 
“upper and lower levels, it has been possible to maintain the average concentra- _ 

Fox," M. Aw. Soc. C. E countless silt-filled 
me , across southern Asia bear 
testimony that silt has hens the bane of irrigationists since before the dawn 
of history; hence Mr. Stevens is to be congratulated for starting the discussion 

The estimates of the silt carried by the Colorado River s are o many and 
=, led, beginning at about 50,000 acre-ft of silt annually; but the later esti- 
mates have shown a decided tendency to ‘ ‘elim .’ Also, the weights of silt 
oh from 100 Ib per cu ft (specific gravity 1.59; 2,178 tons per acre-ft) to 

65 Ib per cu ft (specific gravity 1.05; 1,415.7 tons per acre-ft) which would 


make large difference i in the timated of silt carried (see Table 14). 
TABLE 14.— 


ANNUAL 
Weight} 


| 


Sus- Bed Total 


Dole and La Rue Yuma, Ariz. ize 1006-1914 
Grunsky Yuma, Ariz. 
| Weymouth... .| Yuma, Ariz. 1909-1922 
Davis.... ...| Yuma, Ariz. (Average) 
i ...| Boulder Dam (Average) 
..-| Yuma, Ariz. * 1919-1921 
Fortier and Blaney. .| Yuma, Ariz. - (Average) 
Fortier and Blaney -| Boulder Dam (Average) 
Yuma, Ariz. 1911-1927 
(Average) 
Grand .| 1925-1928 
Blaney and Howard Yuma, Ariz. 
Blaney and Howard Topoek, Ariz. 124,500 
Blaney and Howard Grand Canyon, | 154,500 


It is to be admitted, as Mr. Stevens ony that the lower basin of ‘the | 

Colorado is largely | composed of soft easily eroded rocks, has many narrow — 

“steep | canyons, high wind velocities, a: and is sadly ov overgrazed; but there is little a7 
‘Apparent difference | between the watersheds of the San San Juan, Little Colorado, - 

and Virgin rivers and the intervening 1g plateau r region or, for that matter, the 

Rio Grande, whose waters carry ‘the highest percentage of silt and which, 
‘incidentally, i is the only river whose silt load has been measured jn a wcecriens 
except the guns Grand Canyon, which some engineers call the world’s greatest 


“alt mill.” 


™Cons. Engr., Los Angeles, Calif. 


Received by the Secretary September 11, 1945. 
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series of four diagrams relating to water and silt runoff are presented i in 
Fig. 13. Supporting descriptive data are given in Table 15. In each case the 
_ lines i in Fig. 13 represent the range of the records quoted. _ The yearly points | 
are. very ‘scattered and in . some cases, ‘such as the Little Colorado and Virgin 


LE 1 15.—WaTER AND SILT Runorr; Cotorano 


(Seq Mixes) 


rivers, so few points are available as to make it doubtful if the curves represent 
the conditions correctly. It will be noticed that the curves relating to the silt, 
runoff in the Colorado River at Grand Canyon a1 and the Rio Grande at San 
_ Marcial show & & decided tendency to flatten during the periods of higher runoff. 
“This is believed to be > correct. In general, | the water runoff during the silt- 
- measured years is less than the water rt runoff - during the other measured years. 
“a ‘The values in Table 4, Col. 6, are given as the difference between Col. 4 
end Canyon, pers area 137 ,800 sq miles) and Col. 3 (Lees Ferry, 
4 drainage area 107 900 sq miles) indicating that the additional silt comes: from 
the Little Colerade ‘River. r. The difference in area is 29,900 sq 1 miles. Mr. 
Stevens gives the drainage area of the. Little Colorado River as 24,400 ) sq miles 
pp eet the Water Resources Branch of the U. 8. Geological Survey gives it 
: at 22,100 sq miles, a difference of 5,800 or 7,800 sq miles. _ Other data in the 
paper indicate that Mr. Stevens uses only the Little Colorado area in comput- 
ing the silt, 1 which varies from 7% to 14%, this range being outside the limits 
—- diagram i in Fig. 13. Iti is immaterial which h area is used | as b both stations 
are in the “upper reaches of the Grand Canyon, w with its. steep p grades, high 
4 water velocities in tremendous flood volumes, | and ‘steep canyon side slopes. 
q It is very - probable that the added silt is only that p part which has been churned 


into suspension and that, for a all practical purposes, the real bed silt is un- 


sive is doubtful if a reasonable estimate of the silt volume ca can te > made from 
a 


Tom Fig. 13(a)_ Fie | 


Years Water Runoff Years 


Total ‘vial | Range No. Acre-ft | Unite Range 
1 | Colorado......| Yuma, Ariz. 244,800 of 1903-1939 37 14,100,000] 57 
2 Colorado......| Grand Canyon, 
137,800 | 120,000 | 1923-1941 19 | 12,800,000} 94 | 1925-1941 
3 Colorado...... Lees Ferry, dale. 107,900 | 95,000 | 1922-1941 | 20 | 13,300,000} 123 | 1925-1941 
Colorado...... Cisco, Utah | 24,100} 18,800} 1914-1941] 22 5,800,000} 238 | 1926-1941 
Greenriver, Utah 35,000 | 1895-1941 | 39 | 5,050,000} 125 | 1926-1941 
San Juan.....| Bluff, Utah =e" 24,000} 21,600 | 1916-1941] 17 2,020,000] 85 | 1927-1941 
Little Colorado 22,100} 18,800 1926-1941 16 242, 1926-1941 
1911- 1941 23 | 161,000 160 1926- i941 
% ex. 1 1941} 45 1,130,000) 41 | 1915-1941 
— ¢ Runoff in acre-feet per square mile. 6 Ratio of silt runoff; total acre-feet to acre-feet per 
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and, ‘above all, to the fl flood periods. . Ibi is not believed that hen silt can t be 


measured except i in reservoirs. = 

The late A. H. Koebig once expressed the opinion to the writer aon 

average silt ¢¢ content of of the Colorado River waters: wath between 8% and 12% q 

RIVER AND Rio GRANDE Basuwa Fia. 13) 


Waren Runorr (Acnz-Fr) — 


No. 


Unit? | Rar No. | Acre-ft | Unite 


1925-1941 ] 12, 600,000 1925-1941 142,000 
| 1929-1933 | 11,300,000 1929-1933 130,000 

3 | 1930-1941 1 4,930,000 1930-1941 | 12 13,000 
1930-1941 | | 3,450,000 1930-1941 16,900 
1930-1941 | 1,880,000 1930-1941 | 12 31,200 

| 1929-1933 | "292, 000 | 13 | 1929-1933 41,500 


143,000 i 1936-1941 153,000 164 | 1936-1941 | 2,200 
1,108,000} 39 | 1915-1940 | 2 1,105,000 38 | 1915-1940 13,300 


> 


: 


‘square mile. § ¢ Ratio of water runoff to silt runoff. | ¢ Silt runoff in acre-feet per square mile. 7 —_ 


water in the runoff, 


(by volume) wail sometimes his measurements ran as high s as 19% for hours — 
and 41% for short periods. In view of the wide variations of the silt estimates” 


and the practical impossibility of actually measuring the bed silt i ina | retarding | 
basin, before the construction of the r reservoir, the writer made a study of old 


other data which pers light on yn the of the deposits ond ‘the: 
of time required for them to accumulate. 
About 1936 some 128 1 “maps of the head of the Gulf of California, « dating 
from 1541, were obtained, traced, and carefully analyzed. — - Most of the : maps 


‘were drawn to a small scale, but they were as good as other maps of a ‘tke 


correct but the intervening latitudes were often overstated 

a degree or more on the old maps of all explorers. we were i 
‘4 _ Twenty-one maps follow the Friars’ interpretation of the Indians’ 

they h heard on the Tturbi expedition” i in 1615 and show California as an island 
at the same time that Iturbi, Capt. Geronio Maquez, Franco Vasco, ‘and others 7 
correctly reported | that it extended to the vicinity of the present Indio. 


MacDougall’ gives a map, by Sykes, of the northern pai part of the Salton 


%“Coleccion de Doucumentos de Inedious,” by Joaquin Francisco Pacheco and Luis Torres de 
4 “Salton m Basin,” by MacDougall, ; Publication 3 No. 198, 5, Carnegie Ins Inst. of Tech., ‘Pittsburgh, Pa 
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November, 1945 ON FUTURE OF RESERVOIRS 
. Castillo map » of 1541 (Castillo spent thirty days | ‘surveying that area under 
, ' instructions to show what he saw) clearly shows the mouths of the Gila River, 
> Four of these maps and a mass of data distinctly show t the Gulf of 
California to the of Indio, ‘Calif. bar of some tw enty- 


» silt and 40 ft of arenes 75 ft of silt and 30 ft of Feels 40 ft of silt and — 
= ft of gravel; and 180 ft of silt and 50 ft of gravel— —an = average of 105 ft of — 
silt and 37.5 ft of gravel. It is certain that every time a great gravel stratum 
-oceurs its formation was preceded by asubsidence. The increased grade of the — 
‘7 river enabled it to transport the heavier gravels, after which the silt was moved. 
Since the Salton Basin was full of water when the Spaniards arrived it 

quite probable that the previous ‘subsidence occurred about one century 
e before, or five centuries ago. , Mexican and Peruvian correspondents | have 
‘supplied the writer with Indian accounts of a very destructive earthquake 
occurring about this time. Also, in 1635, two earthquakes were recorded as" 
Bug. felt from Canada to ] Ecuador. © 7 It It is quite probable that about this time 
the Salton Basin had lost enough w Ww ater or weight to. cause a readj ustment which 


AS a check on the effects of the great changing ng weights some 5,000 to 6 000 
4 earthquakes listed i in the major catalogues were located and platted ona large 


map of the world. - ‘Then the centers of the great weight | changing a areas, with | 
circles: of radii—250, 500, 750, 1,000, and 1, 250 miles—were platted. _ These © 
| ccireular ares contained 21% of the world’s land area, of which presumably 

one third is badly faulted and contained 93% of the plotted earthquakes. | The — 

changing volumes of some of the great lakes and the California debris (mining), ’ - 


the earthquakes, ‘were plotted with the same results. 


From the aforementioned data, from a knowledge of approximate dates, 
from the depths of the silt and gravel ¢ deposits, and from an approximation a : 
the areas, it is possible to approximate the average annual silt load o of | the | 
Colorado River waters at something like a million acre-feet. ¥ Of course some 
silt has been carried to the Gulf and was not measured i in the > foregoing esti- 
‘mates. - The estimate of 1,000,000 acre-ft may be a very rough : approximation. 
but is likely to prove more accurate than one which disregards or estimates the — 
bed silt load which many geologists say amounts to from 100% to 400% of the : 
- suspended silt load, based on the measurements of many stream debris cones. - 
‘The Grand Canyon of the Colorado is about 250 miles long, narrow (the 
tt 6 part being 12 miles), and deep (the : deepest part being 1 mile), with a 
ame approximating 7 700 cu D miles. . The grade from Lees Ferry: to the Bright 
Angel Trail, about 90 miles, averages 15.3 ft to the mile and the remainder of | 
the canyon, 6.5 ft to the mile. These grades would cause very high velocities” 
- during floods, and the carrying power of water is supposed to vary with some- 
- thing like the sixth power of its velocity. _ Many ge geologists believe the canyon 


~ generally follows a series of faults. The Colorado River at Yuma usually —_ 
2 ft for each foot of rise in water levels. ee eee 


The Butte Reservoir began to store water i in: 1915 and several s 
Similar data should 
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be available for Lake Mead. ‘The actual data most probably will show that 

the bed silt load has been greatly u underestimated due to the effects of the silt 

Reservoirs on any of the branches or the main river above Lees Ferry will 

tend to regulate the flow and, if large enough, will eliminate the great end, 
_in the Grand Canyon which are undoubtedly the greatest source of silt, i 


greatly pr prolonging the useful life of Lake Mead. 


V. Pererson, 76 Assoc. M. Am. Soc. furnishing an estimate 


of the probable useful life of these two reservoirs, the author has forcefully 
- ¢alled attention to the insecure future of numerous western irrigation projects. 


3 deposition. _ Although the public i in general and engineers in particular may 


as the two dams in ‘question plus many others, an even greater task remains if f 


might factors that would tend to show greater 
lives than the estimates given and, just as consistently, o one of opposite attitude 
file: find reasons for believing them, to be less. That the reservoirs will be 


filled at some future period i is s patent to all and, w hether the author’ 's estimates 
a are correct to within a year, a decade, or even a , century, it is obvious that the 
usefulness ¢ of these great structures is being seriously imparied at an alarmingly 
rapid rate. . What will perhaps startle many readers is the author’s statement 
_ concerning the rather insignificant effect that man’s efforts in land management 
can produce in prolonging the life of the 1 reservoirs. — It is with this phase of the 
ae that this discussion will da. 
Ss During the past few years much thought has been given to the problem of 
erosion, , and many y discussions on the subject have appeared in both the popular . 
a and technical press. _ Doubtless, , there i is some reason for pride i in the accomp- 
o lishment during this period; but that only a a beginner’ s step has been taken i in 
‘solving | the problem, particularly as as it applies: to the arid western region, i 
i evident from the author’s statement (see heading, a Prolonging the Life of 
_ ‘Lake 1 Mead”): “It is doubtful if * _* * sediment being carried annually into 
Lake Mead could be reduced as much as 10% by all the ‘proved practicable | 
methods of land management known today even though lavishly financed.” 
Since silt movement in the Colorado River i is typical of much of the arid Ww est, 
it is implied that similar management plans : applied to other streams in regions 
Ww ould have as s little effect. ~The statement casts a dark shadow over the future 
of western development and irrigation, and certainly leaves uncertain the value 
of the heritage bequeathed to coming generations; but, in the writer’s opinion 
(much as he dislikes admitting it), there i is little « evidence eat present to disp rove 
or even temper the author’ conclusion. 
Is this ar an indictment on engineers and | conservators for their failure to de- 


velop a a practicable scheme for controlling e erosion, at least such portions of af 


%6 Geologist, U. 8. Geological Survey, Los Angeles, Calif. “ 
Received the Sy October 2, 1945, 
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_ caused by the continuous reduction of reservoir storage capacity through silt B , 


daim just pride in t! the accomplishment | of creating such magnificent structu tures: q 
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rat - elsewhere) that, in endeavoring to establish such controls, natural laws will be 


silt encountered because the forces of natural erosion so outweigh those attributable 
_ to man’s s activity ty that the best that man can do in the v way of land management 
vill - can have but minor effect on silt movement? An answer to the question is 
ods |} important. A possible extension of only 10% in the life of the reservoirs fur- 
_ nishes little incentive for investigation or for setting up any program looking 
_ | toward future reduction of sil silt movement by thestreams. = 
a — An examination of the alluvial fill found in the tributary. valleys of the 
ate Colorado River and the Rio Grande (and, in fact, practically any of the valleys 
ly of the arid W est) ‘reveals that the basins have ‘pamed through alternate cycles” 
cts J of alluviation and degradation at various periods in their past history. Cycles 


silt of alluviation result where the products of weathering—including silt, sand, ; 
May "grav vels, etc. —are delivered to the valley floor at rates faster than the transport- 
es ing agencies—including wind and streams, but mainly streams—can remove 
sif them, and conversely degradation cycles occur where opposite condition: 
EE vail. : Evidence indicates that, although weathering under desert conditions is 


An relatively | slow, it is never theless constant; and ther efore it may be assumed that 


oir q “the cycles resulted from changes affecting the transporting agencies. co 

ude | The effectiveness of streams would be enhanced by increasing the stream 
| be gradient or by increasing the total volumn of flow, either through higher pre- 
ates 


cipitation over the drainage basin or through decreasing infiltration (which 


the Sone the percentage of immediate runoff). Because streams are by far 


ent _ According 1 to numerous ‘documents, reports, histories, and testimony of 


the many persons still living, the West has nessed from a cycle of alluviation to one 
a of degradation since about 1870; or since white man’s migration to this region. 


no! § The resulting change in the landecape has been startling. Available evidence 
ular shows that, prior to white man’s occupancy, most western valleys presented a 
mp- § smooth unbroken floor in which the stream at ordinary stages followed a me- ; 
ad andering, shallow tree-lined or brush-lined channel. — Flood flows that exceeded _ 
a the capacity of the channel spread slowly over the valley depositing silt and 
Aveh doubtless | loosing an appreciable percentage « of its volume to ) ground-water : 
into percolation. _ The reports that many of the present barren valleys once carried | 
able permanent streams and supported large tracts of luxurious grass that yearly — 
ed.” was cut as hay are not inconsistant with this picture, although the contrast as ; 
est, “present conditions makes it almost unbelievable. 
ions fF Today most of these same valleys are scarred by ugly gullies ‘that ~~ 
ture through almost their entire length. a. Ground water, w hich once fed the perm-— 
alue -anent streams and nurtured the gr: grassy flats, has been . drained, leaving seared 
nion strips of barren waste adjacent to either bank of the gully. I Flood flows now 
rove - concentrate i in the channels and instead of loosing s silt, as they « once did, they 


“take on n additional loads from the e caving banks with the result that at times the — 
discharge m might a appropriately be called watery r mud rather than muddy water. 
‘lti is reliably reported that 111 of the 115 major tributaries of the Colorado and 
‘Green 1 rivers above Lees Ferry are in this condition. Below Lees Ferry the 
Virgin River, Kanab Creek, Johnson Wash, and practically every s: smaller trib- 7 
utary valley i is likewise tconched. ‘Tributary vall valleys of the Rio Grande are in 
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5 ‘similar « ‘condition, the valley | of the Rio Puerco esiintiaienaiiailie aii by one of th the 
best known and most spectacular of all the gullies. — It is the silt derived from 
_ these valleys: that is destroying the two reservoirs under discussion and unless 


some means can be found to prevent the continued movement of this silt any 
a future reservoir must also be destroyed. A 
au. It is not the he purpose of this discussion to take sides i in the arguments con- 
cerning: the cause of this: recent gullying. From the observation and experi- 
ence gained through a a lifetime residence in n the West (the past several years of 
which have been spent in | detailed investigations having to do with land and 
ss utilization problems in many of the arid tributary valleys of both the Colo- 


rado River and the Rio Grande), , the 1 writer has concluded that no single cause 
be held responsible for the abrupt change from one cycle to another. Land 
misuse, principally overgrazing, climatic changes resulting in an increase or a 
—s decrease in precipitation, and tectonic movements which bring. about. steepening 
of the stream gradient have each been | advanced as adequate to institute the 


change; but the evidence supporting a1 any of them is too indistinct and at times: 


these | processes, with | possibly others not yet recognized, might mot more re consist 
_ ently be considered the basis for the change; and the engineer, in his attempts to 
_ prolong the life of the reservoirs, should recognize this fact and plan his treat- 


what results can be expected from his efforts? wht setts, 
ad Controlling silt movement by correcting land misuses is especially appealing 
4 to those who subscribe in whole to the theory that abuses instituted by man are 

entirely responsible for the destructive erosion now taking | place. -Overgrazing 
ise s cited as the most flagrant of these abuses and any one who has inspected large 
areas in both the Rio. Grande and Colorado basins, as the writer has, must 
admit the seriousness of this accusation. a What steps will be necessary to 


correct the condition and how soon and to what extent tangible results can be 


. expected are questions of vital importance in considering the merits of a cor- 


Extremists along these lines have advocated elimination of all grazing, 
tending th that- the value to livestock of the forage produced is far less than the 


"protective _ value e of the vegetative growth i in stabilizing and holding the ‘soil 
mantle in place. — Such a stand, however, overlooks the political repercussions 


sure to result from such a violent disruption of the society and economy centered 
about the livestock industry within these basins just as it ignores many other 
_ practical aspects of the problem. _ Asan example of what such a program v would | 

—_= the case of the Navajo Indian Reservation may be cited. This reser- 
vation is to be one of the worst ‘silt tracts within the 


sandstones and shales. Scores of washes and arroyos, in 
cluding such well-known silt ‘carriers as Moenkopi Wash, Polacca Wash, 

—Oraibi Wash, -Chinle Creek, Navajo Creek, and Chaco River, drain these un- 
; stable : areas. Each is deeply gullied and together they contribute thousands 


7 7 of tons of silt annually to either the Colorado, the Little Colorado, or the San 


_ Juan rivers. Some 60,000 Indians live within the Reservation, the great 
: "majority of whom > are dependent on the livestock industry for their living. 
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November, 1946 PETERSON ON FUTURE OF RESERVOIRS 140 5 
he Zz Overgrazing in many parts of the reservation is apparent and doubtless is con- 
om j -_tributing in considerable measure to silt movement. To cure this ill by elim- 
ss inating grazing would mean moving and rehabilitating this entire group 
task approaching in cost and probably exceeding in 1 complexity the construction 


of another ¢ dam on the Colorado River. — _ Such a step is obviously impracticable : 
‘under p present. circumstances. Even a reduction in livestock numbers sufficient’ 
to correct the most aggravated areas of overgrazing m must be accompanied by 
some provision for maintaining the present standards of living of the Indians; 7 
- otherwise severe opposition can be expected not only from the Indians but from 
a ? he problems of other graziers within the two basins must also be appreci-— 
‘ated if a program of range improvement is to be successful. In general, live-_ 
_ stock operators of the West are individualists of the most independent type. ; 7 
_Through skill, daring, hard work, and dogged perseverance they have | learned = 


to. wrest a tiving from these forbidding desert reaches, and it is the writer’s 
_ impression, gained through a rather wide acquaintance among them, that they — 
- have no intention of allowing any one to interfere with their chosen method of _ 
_ obtaining a livelihood. _ They consider their prior interest in any program having : 
to do with river developments equivalent to or superior to > the interests of the _ 
‘irrigator, and any plan that seeks arbitrarily to reduce or eliminate ¢ grazing 
within the basins is doomed to failure unless this attitude is fully appreciated 
ae. It should not be inf inferred from the fo the foregoing that stockmen have taken a 
narrow attitude in regard to 1 range management. The stand taken by most ae 
independent operators and owners, and by public officials engaged in when bo 


istering grazing on the public domain, well agrees with the author when he 


states (see heading, “Prolonging the Life of Lake Mead: Land Management”): E 
grazing areas are managed to produce their maximum forage yield 
4 the erosion prevention feature will have been provided for automatically; : 
« that is, the prime objective in management of range land should be to furn- | 
es ish as much food as practicable for livestock on a sustained yield basis.” _ 


These of the over-all aspects of range utilization. They 


appreciate that an overgrazed scar is a potential source of debris, capable of — 
- destroying r reservoirs as well as destroying forage; but they are not of ‘the type 5 
_ who will “go overboard” to. cure that scar ‘ by retiring from the livestock busi- 
ther “Ness. . They will cooperate, and they are cooperating, to bring about better range a 
conditions s o far as practicable; but they refuse to be concerned over ei - 
cycles, or to assume responsibility i in inaugurating t them. 
the Bo. - Criteria s are lacking | for judging the results that may be expected under best 
able, =a management as it Telates to silt movement. — Optimists are inclined to 


g 


will be required before any appreciable silt movement 
area directly ascribable to this cause can noted. 


great | : During the past few years: the writer has had the opportunity to inspect 4a 
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up to 10 years. _ These areas indicate that, while improvement in vegetative 
-_ may | be noticeable within a relatively short period, the actual establish- 
‘ment « of a grow th sufficient to > form a protective stabilizing s soil cover will be a 

slow tedious process requiring years, perhaps decades, for its fulfilment. 

- Actually vegetative growth within these desert areas is so dependent. on avail- 

ble moistur or significance. For 

“ mple, if a person ' unac quainted with desert vegetation had examined some of 

oy he major grazing areas in both the Colorado and Rio Grande basins during the 

extremely wet winter season of 1940-1941, he would have scoffed at the mention 

ote overgrazing or of inadequate cover protection; but had he returned a few 

- months later" the grim effects of drought would have been fully apparent in the 

sparsity r of § grass and forage and in the large percentage of the land exposed to 

= the erosive action of wind a: and rain. — Any one familiar with the desert is fully 
aware that drought is a greater enemy of plant growth than overgrazing. - Per- 

- - haps by careful husbandry a cover capable of withstanding these periodic and 
prolonged dry spells can be established over a substantial part of both river 

basins, but the proof of this remains to the future. To date the prospects look 

discouraging, 
_ Even assuming that through careful husbandry and management the range 

& eventually be maintained in the best possible condition consistent with 


me 


judicious s grazing use, the question a: as to what effect this will have on silt reach- 
ing the main rivers still remains unanswered . Unfortunately, no data are 

available on which to base even an estimate of the effect. So far as the writer 

_ knows there is at present no demonstration or experimental plot of any appreci-— 

“able size within a typical desert portion of either basin where an effort i is being 
‘made to ) study and gather data on this phase | of ‘the er erosion yn problem. — A few 

_ preliminary and fragmentary records have been obtained from one or two ex 

; ‘periment plots established for r this purpose but unfor ‘tunately the stations were 
discontinued before any conclusive evidence could be gathered. | Without such 

the ‘conservator and the engineer must work under a tremendous 

Tn theory a combination « of structural treatment and range management 
would appear to. offer the most effective means for p preventing erosion and silt 

_ movement on the valley floors. Structures of the proper type — be used 

temporarily to store the silt and form it into a suitable seed bed. — Thereafter 
“the plant cover would hold it in place and by proper manipulation t this cover 
would continue to trap additional silt until the entire gully system was refilled 

and healed. Experience, however, does not confirm this theory; at least it has | 
not in a number of rather elaborately treated eroded areas located on the floors 
of tributary valleys of both the Colorado River and Rio > Grande, w hich have 
been examined by the writer during the past few years. _ Except w where there 
has been a continuous effort to maintain, correct, and i improve these structural 
installations, and the e exceptions are few, the result obtained in the way of soil 
stabilization and increased vegetative has been highly 


structural treatment. . fone construction, ‘poor design, and in some cases s poor 


planning must share the responsibility for the failure of such treatment, along 
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Asuccessful program for controlling. ng silt, holding in the and out of 
- the reservoirs, will be found, but it obviously must be based on bolder, more 
imaginative lines than have hevetedere been ‘thought of. Myriads of problems 
_ in engineering, geology, botany, agriculture, and the arts of land and livestock © 
| eaepement are involved, and available information with which to solve io 
is woefully meager. ~ Information i is needed on the type and design of struct- 
_ ures that. can be depended on for consistent performance under rigorous desert 
~ conditions. : ‘More should be known of what can be expected froma coordinated 
program of structural treatment and strict range management. _ Methods of 
7 range control » and rehabilitation need to be studied and ‘perfected. Regions 
and rock formations producing excessive amounts of silt need to be segregated — 
and ‘analyzed as prospects for special treatment. It has been suggested that — 
erosional experiment stations should be established where treatment programs — 
_ could be developed and tested on a small scale. _ similarity. of the nl 
problem in so many these valleys makes 
‘desirable. 
on the entire e erosion WwW ith investment on the r installed and in 
prospect, running i into hundreds of millions of dollars, it would seem consistent - 
to ‘spend : a small part of the development ¢ cost i in n measures 1 aimed at protecting 


the investment by prolonging its. life. 


C. Soc. E, P. C. Benepicr,”* Assoc. M. 


bt in the Cilendis River basin is timely because of the increasing recognition 
of the need for such studies and data throughout the United States. The 
general considerations and conclusions have attracted considerable. interest, 
and the indicated paucity of data is of widespread concern not only in the 
Colorado: River basin but elsewhere. view of the measurements of sus- 
“pended sediment loads and related field work done in Iowa, with improved 
sampling equipment, some » information concerning this pr pregram may be of - 
hac: or value i in connection with the discussion of this noteworthy paper. - A 
- Mr. Stevens refers to certain reports that have been prepared and pub- 
lished as a part of a project involving “A Study of Methods Used in Measure-_ 
ment and Analysis — of Sediment Loads in Streams.””? This project: was 
_ingugurated in 1939 under the sponsorship of an Interdepartmental Committee 
composed of representatives of the e Tennessee Valley Authority, Corps 8 of 
Engineers, Department of Agriculture, Geological Survey, Bureau of Reclama- 
tion, and Office of Indian Affairs in cooperation with the Iowa Institute of — 
Hydraulic Research. Experimental m¢ models of  depth- -integrating and 
integrating sediment samplers, designated US D- 43 and P-43 ‘sediment 


t samplers, respectively, were completed in 1943. . Subsequently, both of the a 


experimental models and several duplicates of the D-43 sampler have been — 


7 Dist. Engr., Dept. of the Interior, U. 8S. Geological ‘Survey; Assoc. Director, Iowa Inst. a Hyd - 


78 Hydr. Engr., U.S. Geological Survey, Iowa City, Iowa. 
_ 78 Received by the Secretary October 4,1945. 


of Methods Used in Measurement and Analysis of Loads i in 
Nos. 1 to 6, 7, 9, lowa Inst. of Hydr. Research, Towa a Iowa, 1940-1943. 
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‘gubjested to tests under practical field conditions, alongside of, and in 
‘parison with, other sediment samplers i in current use, to io determine th the prac- 
ticability of he new samplers, and to evaluate their sampling accuracy “a 
respect to other samplers.®° ‘The comparative test data submitted in ‘Teports 
by thirteen field offices of various agencies have been analyzed, and a progress 
The dex | reproduced by the St. Paul Office of the U. S. Engineer Department. 
The development of a satisfactory bed- load sampler not, as yet, been 


4 


r=. | 


CRAW 


nm 


the U. S. _ Engipeer Department at four stations on the Iowa, Cedar, al 
Des Moines rivers in Iowa. This field work afforded an | opportunity t to obtain 
=> further information on the field operation of the samplers. A sur summary of the 
_ preliminary reports of sediment discharge (in tons) for the ) water year r 1943-— 


1944 (ending September 30, 1944), at the Cedar Rapids, Iowa, ¢ and the Towa 
City, Iowa, gaging stations, with drainage areas of 6,640 and 3,230 sq miles, — 


respectively, i isasfollows: 
7 ae Cedar River at Cedar Rapids Iowa River at Iowa City 


otc 3,010 

2,000 3, 670 


_ The results of the interdepartmental investigation, for which the Corps d 
of Engineers. s and the Geological Survey have been providing the. active leader-_ i - 
ship in recent years, lead to the conviction that the needed extension and im- ( 
provement of sediment data indicated by Mr. Stevens can be materially aided” f 
by the adoption of standard equipment, and methods of measurement some- _. 
comparable to the commonly accepted procedures™ of stream gaging. 
Therefore, and as a part: of the program to standardize. sampling equipment 
among the interested 1 agencies participating in the joint investigation at the — | 
- Hydraulies Laboratory in Iowa City, the D-43 ‘sampler w was selected for use” 7 
in connection with the determination of f daily suspended sediment loads in 
_ cooperation with the Iowa Geological Survey and the Rock Island Office of , 


ia 
700 
100 


80 ** Preliminary Field Tests of the US Sediment-Sampling Equipment in the River 
_ by P. C. Benedict, mimeographed rept., U. S. Geological Survey, Iowa City, Iowa, April, 1944. em a 
‘81 “Comparative Field Tests on Suspended-Sediment Samplers,” by M. E. Nelson and P. C. Benedict, 
mimeographed rept., U. 8. Engr. Sub-Office, Hydr. Laboratory, Iowa City, Iowa, December, 1944. 
Printing ce, Washington, D. 
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hese quan quantitative records of suspended sediment loads are based on cochionsen 
- and ‘systematic field | measurements made e throughout: the year, using the 
equipment and methods indicated in the reports prepared under the odiention 
of the Interdepartmental Committee. The results show that the yearly 7 
suspended sediment load carried in the Cedar River at Cedar Rapids amounted — 
to ) slightly less than 1,000,000 tons or 150 tons for each square mile of drainage 
b area, above Cedar Rapids; whereas, more than 2,600,000 tons, or 810 tons per - 
sq mile for the year 1944, were determined at the gaging station on the Iowa 
“nd Studies made at the Hydraulics Laboratory of all available information 
on the density of deposited sediments (which included a review of the data — 
for the | Colorado River and the Rio Grande basins) indicate that the average - 
weight of 1 cu ft of deposited sediment from the Iowa River may be taken a 
60 On this basis, the ‘suspended sediment measured at lowa City 
during the year that included the flood waters of May and June, 1944, would 
occupy an equivalent space of about 2,000 acre-f 
It is interesting to note that , although the characteristics of | the Iowa 
River basin are widely different from those found for rivers in the southwestern - 


‘United States, an average s suspended sediment | discharge of 810 tons per sq sq. 
"mile per year was measured during a flood year in comparison with the average 
‘sediment inflow (suspended and bed load) of 1,600 and 1,350 tons per sq mile 
per year obtained by Mr. Stevens in his analysis of the e average total load 
entering Elephant Butte Reservoir and Lake Mead, respectively. er Pert) ent 
During the floods that occurred in Iowa in 1944 and 1945, sediment samples J 
were al also collected with the 50-lb D-43 sampler at three to six stations in the 
water cross section at a number of regular g gaging stations. ‘The sa samples were 
taken, in general, at or near the crest after the completion ofa current- rea 
discharge measurement. It is recognized, of course, that data thus provided _ 
do not adequately define the flood or sediment transportation ‘potentialities 
‘ of these or other streams in similar drainage basins. However, this type o of — 


& field investigation on does provide | a convenient and inexpensive means of recon- a 


_*haissance in connection with the location of desirable sediment s: sampling 
stations. For example, a sediment ‘discharge rate of 2 ,030 tons per. or day | per . 
i sq mile has been measured for a drainage area of 130 sq miles. The maximum 
d average concentration of sediment by weight in a cross section was 23, 600 
(2.4%) for a drainage a area of 2,800 sq miles. 


il Such quantitative fa facts together with the daily suspended loads at regular = 


] presen if obtained over a _ period of years, s, will be increasingly helpful with 
reference to the author’s s comment concerning the pitifully meager status. of 
available sedimentation data for the proper consideration of a variety of 

: problems relating to agriculture, conservation, land-use practices, and to the | 

i future of reservoirs. Furthermore, standardization of equipment and methods 
will assist in consolidating engineering effort (the Hydraulics Division of the 

2 Society has a joint committee on sedimentation in reservoirs) on all phases of 

. 


8 "Density of Sediments Deposited in Reservoirs,” by E. W. Lane and Victor A. Koelzer, Report No. 

_ of ‘A Study of Methods Used in Measurement and Analysis of Sediment Loads in ere "U.S. Engr. 

Sub-Office, Hydr. Laboratory, Iowa City, Iowa, 1943, p. 38. 
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f sedimentation da data, ‘the n need for which has been effectively demonstrated ” 7 
P. Berxey,* Hon. M. Am. Soc. C. E. the principles" 


_ involved in the paper by Mr. Stevens are well il known, ‘iti is not t certain that the 
implications are fully appreciated by 1 many even in responsible relation to them. 
The factual data had been long known to the writer, but no statement before 
this: one had brought so forcibly to mind their importance and bearing on long- 
‘Tange planning. _ This does not apply only to Elephant Butte or Boulder, but 
to the entire enormous undertaking of recovering lands by irrigation. The — 
United States has virtually set up: an empire on impounded and redistributed 
water. . The nation is ‘encouraging development, on a scale “never before | at- 
tempted, of lands that are almost worthless except for the 1 waters that can be 
delivered to them by the works of man. There is building up, through settle- 
ment and new population, a line of industries foreign to the normal resources of 
the region and they appear to be doomed to a limited life. nee 
_ The situation reminds one of the “finds” of archeologists indicating that 
a i civilizations have flourished while climatic conditions were favorable and have 
4 _ disappeared when the skies withheld rain. | |The: factual accounts | of R. Pum- 
-pelly 8 and E. Huntington 86,87 in Ww western Asia abundantly prove that even 
civilized peoples of some ingenuity could not withstand persistent ‘drought. 
- Eventually, of course, a cure was found and heralded as a new kind of salvation. 
Men had learned to impound such waters as there were and to carry them to 
their parched lands. — On one occasion the writer found evidence of settlements 
: along the streams which, in an earlier epoch, had been completely obliterated 
_by steadily increasing aridity. Even fishing and hunting, which must shave 
been the chief occupations of these people, had dwindled to the vanishing point. 


. 


gave up Still later, in another age and in nearer to the 
mountains, where mountain | streams: ‘still carried waters far 0 out into the ad- 
- jacent desert, they learned to irrigate : a little land; but the people of that valley, 
cr also had to give up when their ditches ran dry. ry ‘One: could trace the faint lines . 

of the distribution system to their garden plots where not a soul remained in 

this day to till them. In yet another valley its people built a dam to impound 
- the dwindling water supply; but even that failed to bars them and the surround- 
ing structures built of lie in ruins. The who built them 
‘These to be sure, are parallel to effort to 
: ‘reclaim lands; but in capturing § silt- laden rivers engineers are facing an equally 7 

devastating = entered danger. © So much silt is im impounded with the water that it 
literally crowds | out its assumed long-time promise. Ai: This danger is much more 


Explorations in Turkestan,” by Pumpelly, Washington ‘Carnegie Inst. of Washington, 
190. 


Pulse of Asia,” by Ellsworth Houghton Mifflin Co., 1907 and 1919. 


«87 “Civilization and Climate,” ” by Ellsworth Huntington, Yale Univ. Press, 1915 and 1924.0 a 
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Effort 1 to ‘use cients on —— lands i is not a new adventure by any means; 
but a program involving development of a great region—inviting thereby a large © 


new population under conditions that t carry elements of certain future destruc- 


tive encroachment in limited and computable time—that i is ; new. Not only i is” 
‘it new, but in some of the implications it is fairly astonishing. AS a public 


policy probably nothing like it has ever been faced—certainly not on such a 


scale. The x nearest thing in that respect was the settlement of the western : 
“high. plains in earlier days by people who believed that these dust-bowl lands 
“could be farmed in the same manner as those they came from in the Central — 
- Mississippi Valley, and no voice was raised to warn them. — That was to be a 
and prosperous empire, too. 
ae For the first time, after reading this paper, the long- -range significance of : 
the produced by y silt in all these reservoirs was" 
_ borne down on the writer. | He had been so much taken with the fine t things 
being done that he had not fully appreciated the fact that the program carries | 
elements of destruction sure to ‘bring some kind of ending. it was always” 
— evident, of course, that there were severe limitations, but it was too easy to 


overlook « or belittle this element of damage » from within. = oe iran , 


‘The experience of founding, in difficult surroundings, _ settlements which 
“fin finally grew into influence and power is not new; and neither is their decline, 7 
: and ev even their ending. In the past, however, none of them carried along, with 

the : agents ‘that built them up, such relentless elements of destruction as in the 
present reclamation of arid lands. ’ The astonishing thing is that the life of 


— relief works promises t to be 80 o short. One could forget it if the time vista 


‘most human subsistence and economic lines take new turns and become od 
_ justed; but in some of these projects, typical of the a average more or less, the 


: beginnings of decline loom already and will certainly grow in into a serious problem : 


in three or four generations. — One ‘wonders how many settlers gathering — 
around these projects appreciate what it means. __ 

Of course, if one is able to divorce his interest from the future, there is 

‘nothing to worry” ‘about. In this generation, and the next and the next, an 
upgrade can | be maintained. One can claim (and it is true) that much has been 
-adde ed to the world; but the abst range view in this field, as in many others, is 
threatened by apparently incurable ailments and this 3 one of slowly choking to 
death with silt is the most stubborn « of all. ‘There : are no permanent cures. 
ft are familiar with the simple elements of the matter; but the writer had -_ 


a all of that evidence without feeling greatly disturbed. . The thing that 7 


did most to create a real shock was the figure on Bridge Chaves. _ The only 
time ‘that | site was visited, after mushing through thirty miles of silt- laden. 
soupy river to get there, such close attention had to be given to the dam site 
itself If that the silting of the proposed new reservoir w was almost forgotten; but 7 
the y paper by Mr. Stevens brings it out, ¢ and is a fair and timely reminder, that 
this is a problem of the first magnitude. — ¥ Although there are ways of postpon-. 
ing the end stages of these developments, there is no ‘permanent cure, for the — 


final contest transcends engineering skill. it has all the elements of a last — 
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ON FUTURE OF RESERVOIRS Discussions 
wait Srarrorp C. Happ p,® Esq :9.%—The approximate sec sediment loads of the Rio 
_ Grande and Colorado rivers are fairly well known from existing records; and 
there i is no apparent reason to doubt the order of magnitude | of Mr. Stevens’ | 
computations of past and probable near-future sedimentation rates. 2s. Projec-— 
tion of these e rates § so far into the e future, however, seems questionable unless _ 
greater allowance is made for the normal effect of delta growth in reducing the 
-Tates | of capacity | loss. . There i is also need for clarification o of the values given 


} 
for rates of sediment. delivery from. major Rio Grande tributaries above Ele- _ 


- _ Delta growth i is one of ‘the most important f factors | in Teservoir vir sedimenta- 


tion. The history of Lake MeMillan is perhaps the best known example. 
Growth of salt cedar has often | been cited as the cause of the remarkable _ 
decrease in the sedimentation rate in Lake McMillan, but this was s secondary 
to the effect of delta development. . The salt cedar has t been very effective as 
- a a sediment s screen on the top- -set delta beds, because there the capacity of the 
: Pecos River channel has been reduced by suliuaentation and most of the flood 
_ waters are forced overbank through the salt cedar thickets. - The rate of 
eapacity loss would have been reduced by the delta ‘development alone, a 
though there is no doubt the salt cedar has been an added influence ¢ of consid- 
erable importance. Elephant Butte Reservoir had a much larger. capacity 
“relative to drainage area and inflow, so that its delta has been deposited more 
largely within the original reservoir basin, and the rate of ‘capacity loss has 
been retarded less rapidly; but it is only a matter of time until the Elephant. 
Butte delta will reach § such size that its further growth will be largely outside 
the reservoir proper. Salt cedar was growing abu ndantly on the Elephant. 
Butte delta in 1936 and 1941, although | less conspicuously 1 than at Lake 
‘MeMillan because interspersed with larger proportions of willows and cotton- 
_ woods, and there undoubtedly will be sufficient vegetation to stabilize most of 
_ Surveys in 1941 showed that the effect of delta growth had extended 
approximately 15 miles upstream from the head of Elephant Butte Reservoir, 
to the lower end of the Middle Rio Grande Conservancy levees. From 1936 
to 1941, the average annual deposition in this 15 miles of valley was about 
12. 5 million tons. Less ‘complete, but apparently representative, survey data 
indicate that the 1936-1941 r: rate of sedimentation i in the lower half of this area 
was about 23 times as great : as that from 1914 to 1936. ie The rate of increase 
; in sedimentation 1 was probably even greater in the 1 upper half of the area, | but 
data are not adequate for quantitative: comparisons. é The average rates of 
sedimentation in the reservoir, according to Mr. Stevens’ paper, were about 
- 27 million tons annually from 1914 to 1935, and about 13.5 million tons annually 
from 1935 to 1940. Suspended loads” in the Grande at San Marcial, 
e approximately at the head of the reservoir, were about 11 million tons annually 
for both the 1935-1940 a nd 1936-1941 periods; so it is reasonable to a 
the 1914-1935 and 1935- 1940 rates of reservoir sedimentation with the 1914- 
and 1936-1941 rates of sedimentation above the 
a Geologist, U. S. Engr. Office, Kansas City, Mo. fins 
Received the October 22,1945. 
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ON FU TURE 
Such comparisons in the area area of delta influence, 
upstream from the reservoir, was about 48% of the combined total from 1936 
to 1941, but only about 15% from 1914 t0 19385, 
a The rate of sedimentation in the delta area was greatly increased by several 
channel avulsions between 1936 and 1941, but such phenomena are normal 
alluvial processes and are especially,common on large deltas. They will not 
"be equally ¢ effective » every year in the future, but, in general, they will occur 
with increasing frequency and their effect will extend progressively farther 
upstream. Some of the sediment already deposited above the reservoir cer- 
tainly will be moved downstream by floods from time to time; but, in general, 
the proportion of Rio Grande sediment deposited above the : reservoir will 
certainly i increase as more of the delta is built above reservoir pool elevation. , 
_ Mr. Stevens suggests that increased runoff may counterbalance the tendency 
toward greater deposition above the reservoir, but there i is no certainty either 
_ of increased runoff or of greater sediment production if the runoff does increase. — 
Most of the Rio Grande water is derived from winter precipitation in the 


mountains of northern New Mexico and southern Colorado, which contribute 
~ relatively little sediment. ' The summer flash floods on intermittent tributaries / 


: in central New Mexico contribute most of the sediment, concentrations as high 
as 68% by weight having been reached in suspended. load samples from the 
Rio Puerco i in 1941; but these summer floods contribute very little of the total 


annual runoff. | 4 Under these conditions an increase in total runoff obviously 
might not involve any increase in sediment t production, and might even be 


accompanied by a decrease in the total sediment load. met — 


In contrast to such uncertain factors as future changes in runoff, and their 

effect on sediment transportation, the only question concerning delta growth 
i the magnitude of its effect. The data now available afford a reasonable 


basis f for estimating this effect. If the 1914-1935 and the 1935-1940 rates of 

reservoir - capacity loss are plotted as ‘decreasing functions of the combined 

sedimentation in the reservoir and the 15 miles of valley affected by delta — 


ds 
_ growth, and if a 4 smooth curve is drawn through points representing the average 


values ser these two periods, projection of this curve indicates that the “most 
useful life”’ of the reservoir as defined by Mr. Stevens, or the time until it will 
be half filled with s ediment, will be about 90 y years s from the present, or nearly 
twice as long as that predicted by the 1e straight- line projection. _ Further pro- oe 
jection of the curve would indicate even greater increase in the total life « of the 
Teservoir, but projection | so far into the future i is of doubtful validity. _ The 
major importance ‘of the factor of delta “growth is | fully” y emphasized by the 

_ Table 3 appears to show close agreement between | suspended load records 
and the writer’s estimates, based on surveys and mineralogical studies of the 
‘sediment contributions { from five major Rio Grande tributaries above Elephant 
Butte Reservoir. . The close agreement between these figures is fortuitous, _ 
however, and 1 possibly misleading. The estimates of contribution 
— valley, deposits should be nearly doubled if allowance is made for 

sediment carried into Elephant Butte | Reservoir Be The mineralogical data are 


“not directly a to the sources of reservoir deposits, but reasonable 
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Discussions 


4 matin available data s uggest that the average rate of sediment. 
contribution from these tributaries should be about 2,500 tons per sq mile 
per year, instead of 1, 500 which -ineludes only that part deposited above 
The : average contribution computed from suspended load measurements 
also i is probably 1 toolow. Apparently this is based on Soil Conservation Service — 
sampling from 1937 to 1941, which was too infrequent and too irregular. to 
provide more than rough comparisons between different streams. _ The summer 
flash floods, which obviously carry | most of the sediment, were not sampled 
sufficiently to provide a reliable measure of. the total load, except 
possibly for the Rio Puerco during 1941. An average of 1,700 tons per sq mile 
would indicate that these sediment contributing « only” 
about four times as. much sediment, per ut unit it area, as as all the remainder of the — 
Rio Grande drainage area above Elephant Butte, : most of which obviously _ 
oe negligible quantities of sediment. Such a relation appears | unreason-— 
able, in the light of all other evidence; but the suspended load records are not 
oleate to determine whether or not the rate should be as high as 2,500 tons 
per sq mile , as indicated by the surveys and mineralogical studies. aa 
iKt does not necessarily follow that the contribution from direct tributaries — 
to Elephant Butte Reservoir and Lake Mead should be estimated as high as. 
2,500 tons per sq ‘mile, or that the average sj specific w Ww veight of 65 | lb per cu ft 
for Elephant Butte deposits, as. derived by Mr. Stevens, should be raised 
accordingly. — The nature of the terrain suggests, on the contrary, that 1,600 | 
tons per sq mile may be more reasonable for these areas than the true figure, 
whatever it may be, for the five major Rio Grande tributaries above Elephant 
Butte. However, there i is a serious sediment problem in the Rio Grande valley 
_ above Elephant Butte Reservoir, and remedial measures are e urgently needed 
there. es is important that ‘the major sources of Rio Grande. sediment be 
correctly evaluated, within reasonable limits, in order that remedial measures. 
“may be wisely ‘concentrated where they w will be most. effective. Mr. Stevens 
has recognized that the rates s based on surveys and mineralogical | studies, 
’ listed in Table 3, _ do not represent total sediment output, but he has not indi- 
cated the magnitude of variance. It should be understood that those rates — 
are probably only about half the actual average rates of sediment contribution 
to the Rio Grande from the Rio Puerco, Rio Salado, Jemez Creek, and Galisteo 
Data are not yet available for quantitative estimate of the effect of delta 
q growth « on the rate of capacity in n Lake Mead; but there i is no 


eservoir, although the magnitude of of effect ; may be less. 
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DISCUSSIONS 


THE ‘MECHANISM OF ENERGY Loss 


HUNTER ROUSE AND A. A. -KALINSKE [ 


= 


M. Am. Soc. Cc. E., AND A. A. Katinskg,” Assoc. M. 
‘Aa. Soc. C. E. a. —Energy dissipation i in turbulent fic flow is at best an extremely os 

“complex phenomenon, and a successful investigation of the mechanics of such 
a process requires more ability, intuition, and courage on the part of the 
investigator than perhaps any other shows of fluid motion. It is for this 
[ reason that the writers have only commendation for the authors of the present 
= in undertaking so broad and fundamental a treatment of the problem. 
No fault can be found with the mathematical derivations, and portions of the 


"interpretive matter are considered well worthy of reading and id rereading b by 


interested in fluid mechanics. Section 10, for instance, which con- 


_ tains a detailed description of the turbulence mechanism, is particularly lu lucid 


te 7 Because of the very complexity of fluid turbulence, a paper of this nature 


pe of value to only ¢ a limited number of readers if the treatment i is not in 
; uthors presumably sought tc to clarify the problem for more than such a limited 


group, ‘through u use of analogies, new concepts, and numerous charts; but 
writers are inclined to question whether the goal of clarity has actually ee 
achieved. Indeed, s since the essential justification of the new concepts intro- 
- duced by the authors was not properly noted, the application of these concepts — 
to laminar and turbulent flow alike served to conceal rather than t to emphasize _ 


the fundamental difference between the two types of motion. 
Perhaps the writers’ thesis may best be explained by reverting to the 


~ authors? use | of analogy, to / emphasize the fact that analogies are, to say the 


least, frequently “misleading i in their r oversimplification. Ir Instead of the pulley 


= Nots.—This paper by Boris A. Bakhmeteff and William Allan was published in February, ae. 
Proceedings. Discussion on this paper has b appeared i in Proceedings, as follows: September, 1945, by anil 
R. Rich, J. C. Stevens, and Leon Beskin. 


“ Director, Iowa Inst. of Hydr. Univ. of Iowa, lows 
_ © Associate Director, Iowa Inst. of Hydr. Research, Univ. of Iowa, Iowa City, —_ 
Received ved by tl the Secretary 3, 1945. 
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ROUSE AND KALINSKE ON (ENERGY Loss Discussions. 

"system to illustrate the general | flow process, one might - more logically consider 
a uniform pile of lumber. Ifan 1 equal force.is applied to the end of each = 

3 to simulate a constant pressure gradient, movement apparently comparable to 

‘ 4 that of laminar flow will result in the longitudinal direction. Thus, assuming 

constant coefficient of friction (that is, “viscosity”) between planks, the 

intensity of shear will i increase linearly with depth of pile, just as—although 


surface or the center line of a pipe. — The | work | done by the force acting on the ~} 

end of the top 5 plank, therefore, will evidently not be equal to the generation of 4 
thermal energy through friction with the next plank, since both planks are 
‘moving and a portion of the force will be transmitted via shear to the lumber 
below. However, to assume that the forces exerted upon the plank ends repre- 
sent a form of potential energy (just as the pressure within a fluid is often 
nt improperly assumed to be potential energy of flow), which is then “trans- 
oe ferred” by the shear process from one plank to another until finally dissipated | 
in the form of heat, is hardly i in accordance with accepted “methods: of “me- 
Moreover, it obviously would be impossible to extend either the 
= analogy o or the » pulley - analogy to the case of turbulent motion, since 
there is no conceivable intermixing process that the planks could undergo to’ 
simulate the well- recognized mechanism of turbulent diffusion. — Neither anal- 

ogy (nor, for that matter, any other) is rae capable « of truly elucidating the — 
ise In order to be rigorously acceptable in the mechanics sense, the authors 


concept of energy borrowing and transmission must involve ¢ an actual — 


“essence of turbulent motion, to be sure, but it appears at first ys to be no 

~ more characteristic of laminar motion than of the plank analogy. ‘Tt must be 
Bo recalled, nevertheless, . that the large-scale | or molar transfer of fluid matter 
produced by the mixing process of turbulence has its counterpart in the 
“en -_ infinitesimal molecular mixing which takes place in turbulent and laminar flow | 


ek alike. Asa matter of fact, the kinematic molecular viscosity v and the kine- 
matic eddy viscosity € are both products of mixing lengths and velocities, 
effectively only i in scale. Just as the mixing process of turbulence 


is considered to produce s a shear between neighboring zones of flow which is 

" proportional to the lateral rate of momentum transfer, the viscous shear of 
We laminar motion may be resolved into the lateral transfer of momentum through 
oe mixing on a molecular scale. Indeed, one frequently compares the rates of 
molecular and molar diffusion of salinity, or of heat, so that the el 


transfer of kinetic energy is actually just as real a srenten it laminar flow as 


molar transfer is in turbulent flow. 


_ The authors’ concepts of energy - transmission in both laminar and turbulent — 
: flow are therefore fully justifiable, although for Teasons not brought to the 


Z 4 attention of the reader. In the light of this justification, however, the essential 
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writers seek to accomplish the necessary distinction by assembling certs 
a By a the curves in the paper, together with additional functions which they Ro} 
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In the uppermost diagrams are included the primary characteristics of 
_ laminar and turbulent flow in pipes: (1) The pressure gradient, which i is con- 
= stant across both sections; (2) the intensity of shear, which i increases linearly 
with the radius in both cases; and (3) the velocity, which varies parabolically | 
laminar flow, and approximately logarithmically i: in turbulent flow. N either 
[ these nor the r remaining curves, it must be emphasized, a are drawn to a particu- 
a dar scale, since it is the form of each function, rather than its absolute location, — 
which is essential to the argument. 
The diagrams next in order depict the mixing characteristics of the second- 
ary motion—molecular in the laminar case and molar i in the turbulent. i. 


4(c) represents the mean molecular velocity U'm, and 4(d) the mean velocity 


of the turbulence (to which NICHE )? is assumed proportional); curve 4(c) 
is necessarily constant across the section, whereas curve 4(d) decreases mark-— 
edly toward the center line. y Curve 5(c) represents the mean free path Im of 
_ the molecules, which is likewise constant across the section; but its hae 

counterpart c curve 5(d), the mixing length o or r mean eddy s size increases 

be the center line. The remaining curves 6(c) and 6(d) for the mixing coefficients a 

oy y and ¢ : are simply the products 0 of the velocity and length ¢ characteristics « of 

the respective mixing processes. ON oteworthy is the fact that is constant 
across the section while reaches a maximum approxomately midway between 
center line and wall. Ini either case, nevertheless, the mixing functions are 
Telated to the shear and velocity curves of the upper diagrams through | the 


The third p pair r of schematic diagrams wail ¥. transfer and the s ending — 

of kinetic energy by the mean laminar and turbulent motion. . The local 

rate of spending, rather tha: than the cumulative emphasized by the authors, is used — 

4 herein for the same reason that local conditions of velocity and shear rather — 
than their cumulative effects are considered more significant in the present 

Likewise, instead of the authors’ cumulative transmission function 

4 Wy the writers have chosen the ratio W,/2 xr, since it is the latter quantity 7 


whieh i is directly proportional to the mixing coefficient and the velocity gradient a 


of the foregoing diagrams. — In other words, the rates of transfer of kinetic 
energy of the mean motion toward the walls are, in terms of the respective mix- 


processes: = y——— and | (t+ 
Although it i is. evident from these diagrams that both ‘the transfer and = 
- spending of ‘the « energy of the mean motion in turbulent flow are greater in in the 
: Wall r region, , owing to the different nature of the mixing process, the true sig- 
nificance of these curves becomes apparent only through their correlation with 
the fourth pair of diagrams. The spending curve 6(e). laminar flow, it 
Inust be noted, represents essentially direct dissipation into heat. The corre- 
sponding curve for turbulent: flow, on the contrary, embodies 
- not only direct dissipation but also the conversion. of energy of the mean 
motion into turbulence ‘through, the continuous us generation of new 
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ot all As these eddies are formed, they (and their kinetic energy) become © 
_ subject te to the same lateral transfer as has already been discussed f for the mean 

‘motion. io In the case of laminar flow, the c constancy of both the ‘mixing, coeffi- 
cient v and the kinetic energy “—*" “™ of the molecular motion results in a zero 
tate of transfer, diagram (g) therefore remaining blank. _ The rate of transfer 
of the kinetic energy | of the turbulence, however, will be both finite and variable 


across the section, since—as as shown by curve ve 8(h)— —it must equal the product 


i the mixing coefficient ¢€ and the negative gradient of —~—. Such transfer, 


in contradistinction to that of the kinetic energy of the mean flow 7(f), w ill 


be directed | toward the center line, since that is the direction of decreasing 
— 


local rate of turbulence Near the wall, where the curve is 
the e generation pr process ‘evidently predominates, but over the 1 major or part of the 
central Tegion negative values indicate preponderant decay. ‘The local ‘dissi- 
pation rate, i ‘in turn, may be evaluated saeaieiaaeiasiaas in the approximate form 
must be from mixing or size in that it rep- 
resents the : average » scale of the smaller eddies which control the dissipation 
process; its t trend i is in indicated i in diagram | (d) by a broken line. ) C Comparison 
7 of the dissipation curve 10(h) with the : spending curve 6(f) w will now show that 
the two differ essentially by the local magnitude of curve 9(h), which is positive © 


: near the w alls and negative near the center. _ In other words, if the compara-_ 
4 tively small rate of dissipation by \ viscous action in the mean motion (not 


herein) | is ignored, the spending curve 6(f) will be seen t to ‘Tepresent 
- the algebraic sum of the turbulence-dissipation curve 10(h) and the generation- 7 
Minus-decay curve 9(h), in accordance with previous statements. Thus” the 


ultimate difference between the laminar and 1 the turbulent ‘mixing processes 
~ lies in the fact that turbulence generated n near the walls is continuously being 
a 


__ transferred toward the center, so that the dissipation rate in this region actually 


8 

laminar anv, of course, are accurately know wh. Completely 

however, : , are systematic 1 measurements of 1, A, and e, for various bound- 


ary and flow « conditions. had Even the curve of velocity distribution in turbulent _ 
flow becomes indeterminate i in the neighborhood of rough walls, as a result of | 


— 
val A gi ‘Statistical Theory of Turbulence,” by Theodor von K4rmén, Journal of the Aeronautical Sciences, — 
“Statistical Theory of Turbulence,” by G. I. Taylor, Proceedings, Soc. of London, Series A, 
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which ¢ all curves for. cuttaent flow in Fig. 31 have advisedly been broken in 

-, 6 lO the wall vicinity. [Just what happens in the neighborhood o of the wall, and at 
the wall itself, must therefore remain for the present a matter of <a 

conjecture. | It is possible, however, to perform the following bulk evaluation 

-_of the relative parts played by the wall and the central regions, which may s shed 

In the case of s smooth pipes, of course, the analysis: discussed i in 

the foregoing pa pages. can carried to the wall itself, for reasonably | precise 

information as to the velocity distribution from boundary to center line is at 

~~ nd. If one were to’ assume, arbitrarily, that the nominal | thickness of the 


the wall regions, it becomes possible s at once to evaluate independently We : 

We, and W., the rates of energy spending per unit length of pipe in the central 

- region, the wall region, and over the entire cross section, respectively. For 
example, : since the velocity gradient in the sublayer is very ; nearly | constant, 7 
as a close approximation (except at very low Reynolds numbers) the tate o of 
dissipation in this zone » will be 24 ron (du/dy)? » which reduces 


alues 


v 


_— while the total rate of “energy expenditure for the pipe becomes, in | similar 


Since the resistance coefficient ji is function of 
a plot of W../W. o versus R R may be made directly. 
oe diagram of a somewhat similar nature > is reproduced in Fig. 32 . The 
_ over-all ordinate AD of this diagram represents the total rate of energy expendi- 
ture as given by Eq. 101, and the ordinate AB the rate of dissipation within 
the laminar sublayer approximately in accordance with Eq. 10la. The spend-— 
: ing rate in the central region, shown by the ordinate remainder BD, has been 
further subdivided into part BC, the rate of dissipation due to “the mean 
motion, and part CD, the rate of dissipation within the superposed turbulence. 
Immediately evident is the fact that the wall region plays a relatively large 
part in the total dissipation process, although the turbulence | mechanism 
: becomes more and more effective with increasing Reynolds number (that is, 


decreasing thickness of the laminar sublayer). Equally y apparent i is the very 


_ 45**Modern Conceptions of the Mechanics of Fluid Turbulence,” by Hunter Rouse, Transactions, 
= 4 Sur la répartition entre le mouvement moyen et le mouvement d’agitation de l’énergie dissipée 


dans |’écoulement turbulent d’un fluide i aes Son le,”” by J. Kampé de Feriet and A. Martinot-Lagarde, 
Comptes rendus des seances de Académie des December 12, 1987. 
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small rate of dissipation attributable to the mean motion in the central region, 4 

which likewise diminishes with i increasing R 
Comparable representation of the relative dissipation rates for rough pipes — 
wo ould require a separate diagram f for each successive degree of roughness. 


0.6 | 
Central Region 
06 Lost in Mean Motion, 
Central 
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G. 32 Rates oF Enercy Loss Dirrsrent ZONES OF FLOw FoR SMOOTH 


ould appear, moreover, that preparation of such must entail equally 


T, ex explicit information as to flow conditions near the boundary, which ich information _ 
a i is notably | lacking i in 1 the case of of boundary re roughness. — ~ However, it t will be 
recalled that the ratio W./Wois equal to — W./W., which can be evaluated 


_ independently for all conditions. — _ The authors, for instance, utilize this fa fact i in = 
_ interpreting the e similar gradients of the e velocity curves for different rough- 


esses in Fig. 16. ‘That i is, by assuming the same hydraulic slope for 


. - through pipes of the same diameter but different relative roughness, they show 


that the energy expenditure in the central region will be identical, whereas 
the total expenditure—and he hence that i in the wall region—will decrease with | 


eu 
increasing g roughness. The writers believe, | however, that a far more re general a 


and significant interpretation may be made. 
must be concluded from Fig. 16, the dimensionless gradient 
is the same for velocity-distribution curves at: any particular value of 
in the central zone, regardless of the ‘magnitude of the Reynolds ‘number or 
relative roughness. Therefore, the rate of energy expenditure in 


Mg central zone, up ” that value of r/r. at which the type of boundary begins to 
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influence the given | dimensionless gradient, may be expressed in n completely — the € 
7 general terms. In other words, letting t= and it may” be ‘smoo 
W.=7rDrou; used 
which 2’ is is the he limiting vs value of r/To for the central gone under discussion. 
~The integral may readily be evaluated from the logarithmic velocity equation, d é 
posts which = 2); its evidently solely o on the 
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_ unity, the | desired ratio of the rates of wall and total energy expenditure _ 


is seen to become simply a function of 2’ and 


- The question still must be ener as to what magnitude of 2’ to specify 
in determining values of W./W. to plot against R and e/r.. In the case aint - 
smooth pipes, of course, of g= reduce the result, to that o: | | 


Eq. 102. In the case of ‘rough pipes, it would then appear 1 reasonable. to 
a function of the roughness e which would involve | a a comparable portion 2 of the - 
pipe section; it would be moreover, to incorporate in this | function 
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the effect of | viscosity in — practically important transition range from the 
smooth to the rough phase of. the resistance aoreguaeiedl Comparison 0 of f the : 


used in 1 Eq. 101a; an and consideration indicates ‘that. the relationship 


= — is s the only simple function approaching the assumed limits 


te &  . 


_ Based upon this function, the writers have prepared from Eq. am, together 


of curves of W. versus R shown in Fig. "33. Despite the admittedly 
arbitrary nature of the assumed relationship for 2’, it is believed that this 
diagram g gives a particularly clear picture of the part play ed by the wall re region 
in the process of energy expenditure, and of its Variation | with the relative 
} roughness and the Reynolds number. In fact, only through a plot of this 
: nature is it truly possible to judge the effect of roughness under sehen 
flow conditions. _ The similarity of Fig. 33 to the f : R diagram is simply an © 
indication of the close relationship which exists between f and the ratio W/W. 
in the several equations given, 
sdf the writers’ premise that Eq. 103 reduces the mechanism of en energy trans- 
fer and expenditure in in the central region to a truly common denominator is 
justified, it must be concluded from F ig. 33 that the rdle e played by the wall 
‘zone increases markedly with the relative roughness under comparable flow 
conditions (that is, constant ‘Reynolds 1 number rather than constant hydraulic 
slope). It ; must be 1 realized, of | course, that the relative thickness * the wall 


tone considered by t the writers is by n no means fixed, § since i= = " has been 


nitude. | On | the other hand, since the velocity curve in the central region 


depends up upon these. same two variables, and hence i is just as flexible a a a function, 


“gone of marked turbulence generation n must pote vary, in radial extent as as the 
Reynolds 1 number and the relative roughness change. __ 
Since, in the case of fully developed roughness action, there is no longer a 
laminar film at the wall in which direct. dissipation of energy can occur, one 

is also led 1 to conclude that the increase in the proportional rate of f energy 
expenditure . in the wall : region must be due to the relative violence of the _ 
turbulence generated by the e wall irregularities. It must not be assumed, 


however, that this large rate of expenditure e represents an equally large rate of 


central region. On the contrary, : as shown by the authors, a ‘considerable 
portion of the actual energy dissipation probably occurs locally during the 
generation process. — : This i is due t¢ to the extremely high instantaneous stresses 
produced within the eddies as s they are formed. _ The energy required to main- a 


tain equilibrium of the turbulence structure, in other words, while eventually 7 


47FE valuation of Boundary Roughness,” by Hunter Rouse, Proceedings, 2d Hydr. Conference, June _ 
14, 1942, State Univ. of Iowa, Iowa City, Bulletin No. 27, Studies in Eng., 1943. _o ala 
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di ssipated i in its e1 entirety, does n not all p pass a the intermediate | a of 


In this discussion have consistently sought to add rather 


and improvement, the writers are hopeful that the: interpretation presented 
herewith may likewise be altered and extended by the authors in their closure, 
and by those who later use the paper as a reference. _ Indeed, quite aside from 
the fundamental material | which the paper has provided, it is probable that 
will have ve lasting worth a to thought o ona very y stubborn 
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MOVING LOADS ON. REST! RAINED BEAMS 


‘Discussion 

Tate 
BY Max ‘W. Strauss, D. A. MACKENZIE, AND 

CHARLES SCHAFFNER 


Max W. Srrauss," Jun. Am. Soc. C. E.“<—Publication of this paper at 
long last makes available to the American engineering profession a method for 
the precise analysis of ‘rigid frames that heretofore has been widely used in 
| other countries. (A relatively small group in the United States, of which the 


writer is a member, had the privilege of studying under Professor Brumfield 
and thus was aware of this method prior to its oto publication. .. 


The concept of an exact “carry-over factor” or “transmission coefficient” is 
not a new one. Ite can be traced back to the Tiel French engineer, Maurice _ 


Lévy, in whose great work's may be found the equivalent of many of the | 


author’s expressions. In. the United States the ¢ concept was introduced in 


graphical form’* by L. H. and D. B. ‘Steinman, Members, Am. Soc. 


C.E., as the method of conjugate points. More recently an applica- 


= 


tion of this concept was implied by Camillo Weiss,” M . Am. Soc. C.E. In his 
£ ‘paper, Professor Brumfield presents a logical development of this analytic 


rom - Restraining M oments in a Loaded Span.—In Sections 4 and 5 of the paper, 


“the author has derived e expressions for the end moments in a loaded span due to 
the loads i in that span. Eqs. 14, although quite simple, are limited i in use to 


‘concentrated loads. For - other loads or combinations of loads, the labor 
involved becomes somewhat tedious in that the analyst may either integrate 
Eqs. 14, (mathematically, if the particular loading so allows, as in Eq. 15, or 
otherwise mechanically), or use Eqs. 27 in conjunction with the curves of Fig. 5, 


= 


__ Norg.—This paper by R. C. Brumfield was published in May, -_ Proceedings. Discussion on this 
perer has appeared i in Proceedings, as follows: October, 1945, by R. W - Stewart, Nathan D. iia and 


Asst. Structural Det of Water Power, Los Cali. 


Received by the Secretary August 27, 1945. 


Ta Statique Graphique et Les Applications Aux by Lévy, 

Villars & Co., Paris, France, 1886-1888. = 

__18*Moments in Restrained and Continuous Beams by the Method of Points,” by L. H. 

Nishkian and D. B. Steinman, Transactions, Am. Soc. C. E., Vol. 90 (1927), p.1, 
Interrelation Certain Structural Concepts, * by — Weiss, Proceedings, Am. Soc. a Des 

January, 1945, p. 6s. 
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Eq. _ 22d, and Eq. 24. However, much of this tedious labor can be avoided by 
a single expression that is neeanine to any load or combinations of loads. ~ 7 


Eq. 14b may be rewritten— 


{ and mane these i in Eq. 55, the latter becomes 


Mrr + Mrz) — Cx (2 Mri + Mrr)]..(570) 


"Although E Eq. ‘57a i is adequate, it can be simplified sett, . By: collecting 


1—CrC 
‘Substituting Eq. 4 for Cr and C ‘Ls combining like terms, ae then s wedi 
tuting Eq. 4 40, Eq. a. 57b reduces to 
= — (Mrz | tr Cr). 
= which tr and d ty are ¢ e obtained by Eq. 41 or from yn 10 of Table 1 a 


Eqs. have the advantage of being applicable to all types of 
inasmuch as | tables and curves for fixed-end moments for all Il types of loads are 


~ 


Voaia Stiffness and Restraint.—It seems to the writer that I/L, or K, affords a 
better mental image e of the stiffness of a span than the author’s LiL, or or Q, 
since a stiffer beam is thus represented by a larger numerical value. | Using 

poe numbers for stiffer beams avoids the the mental juggling that must inevitably 

ensue if the reverse is adopted. Thus 


if, furthermore, stifiness is as or t, instead oft i, and 


um of the stiffness indexes, then n 
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This i is 3 of more than aca academic interest since it would simplify the 1 necessar 
calculations considerably. For example, if Col. 3 of Table 1 listed r, or Vi, 
instead of i, then Col. - 4, which would list R’ instead of R, would be obtained 
- merely by the addition of the values in Col. 3 for the other members at that 
- joint. The computer would not be > required 1 to obtain the reciprocal of the 
im of the : reciprocals. of these values. 
_ Transforming the author’s expressions so as to utilize fixed-end moments 
serves the further purpose of illustrating the coordination of this method 7 
| with the Cross method of successive approximations and the slope-deflection 
method. This is to be expected es all are based on, and derived from, the 
basic of three moments. 
OD. A. 


by the publication of this paper. “—~ 29 and the curves of Fig. 6 are particu- 


larly useful. _ A precise mathematical formula now is available for locating the 


é 


“Transmission 
‘Coefficient (C. oF) 1d 0.346 0. 


4 
(Balance Factors) 0.268 


Balance Joint By and Carry Over: —11. 58|-1595 —5.25| +3.19 +0.94| -0. 157 
Balance Joint C1 and Carry Over: -001| +0.01 

0.00 
a 
Balance. and Over: +0.57 | —1.07 
4050 


loads to. produce m maximum ‘moments, instead. of dows more or less approximate : 

methods commonly used in the past. 
The coefficients used for transmission on (C), moment s; split (m), and ae 

split may also be used as moment distribution factors and, once the loads 


18 Design Engr., Buffalo-Niagara Elec. Corp., Buffalo, N. Y. 
Received by the Secretary 13, 1945. vrs 
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vare located on the span, the negative moments sheiteed then be found by fixed-end 

_ The author’s ‘example of Fig. 121 may be arranged as as shown in Fig. 15 15 and the 
end moments readily found by that method. 


Joint B, is first balanced to make DM = 0. The moment (15.95) allo- 
cated to B,C; is then multiplied by the carry-over factor (C = 0.329) to produce 


a moment of 5.25 ft- tons at joint Ch which is then distributed to the other two ff 
‘members: in proportion to their torque-split factor (t) or their moment-split— 


" factor (m), and the signs changed | to make 2M a = =0. ° These are carried over 
é progressively to the other joints in 1 the same r manner; and the e other joints a - 

then balanced likewise. stall mera wh. 
‘The sign convention used is one which considers that a moment at. the weil 
- $ of a member is positive if it tends to rotate the > adjacent joint clockwise. _ » 
__ The computations in this discussion were done by slide rule, e, which probably 
accounts for the slight difference from the author’s values. feet} 
on a course, the moments could also b be found by the Hardy y Cross 1 method, but, 
having already « obtained the direct-moment factors, the amount of work in- 
volved in making the balancing and distributing computations is very small. 


7 he principal advantage c of the direct method is its fora i 


One point concerning the paper, as published, is open open to Thi i is 
_ that it was begun with complete definitions of the special nendlnben: to be 
used. Because of the newness of the approach, it is necessary to use un- 
familiar n nomenclature. > However , psychologically, it might be better if the 
~ author had defined the stn and symbols as s needed, throughout the text, and 
then summarized them at the end of the paper, or at the end of cock sacticn. 
= The only familiar symbol that has been changed is the Q- value which is 
: the reciprocal of the familiar “K-value. ” It is well that this change has been 
made because, for this gustiowian mathe’, it is more advantageous to have the 
- ; value in the numerator than i in the denominator. _ The algebraic ¢ manipulations 
- simplified. In addition, it must be remembered that all writing, deriv var 
tions, and solutions are done initially by hand rather t than by 1 the typewriter. 
The use of Q thus eliminates the possibility of confusing K with the k fre 

’ mee used to denote a proportionate part of the span length. ont > 
The actual simplicity of the ‘method, once one is familiar with th the funda- 
mentale, will be apparent upon examination. of Eqs. 14, 16, and 17, which are 


derived in straightforward fashion from the theorem of three moments. — The: 


author has verified the accuracy of each by simple examples. ot 


ee ‘Many engineers have a phobia against using any equations f for which curves 


are plotted. The curves, shown in Figs. 5 and 6, aid in the solutions of Eqs. . 
26 and 29. However, they are not indispensable, as the equations can be 


19 Instructor, Civ. Eng. Dept., Cooper Union, New ‘York, (on military leave). cal 
te by the Secretary September 26, 1945. a; at 
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solved easily should the ¢ curves be unavailable. fact, , as the author notes, 
| Eqs. 25 need not be used. The separate effects of a series of of concentrations 
“may be ‘computed by the 1 use of Eqs. 14, 16, or 17, and these effects can be 
added algebraically. How ever, the computing time is reduced considerably 
by: the use of Eqs. 25; and it is reduced much more if Eqs. 27 and Fig. 5 are used. 
In Section 7, the author shows good judgment by explaining the signifi- 
cance of a number of the new terms. One of the faults inherent in most 
; involved systems of computation is that the computer r gradually tends’ to do 
} ; things by Tote, a and thus loses understanding of the different steps: through 

bes unde! 
A _ which he passes. — These terms are not just invented terms, but have a definite 
physical meaning. Thorough understanding of their use and significance is 
1 wt In Sections 6 and 8, the author succeeds where the proponents of allother 
methods have failed. He has shown how to locate the position of a moving 

load on a restrained beam for maximum bending moment, either at the st sup- 
port, OF Ul under one of f the concentrations. This will provide a great reduction 
- | in the work and time necessary in analyzing this | type of problem By) cailute=se: 
“bet ‘The derived equations, although not simple, can be handled competently, 


g as the author shows in his illustrative ex example i in Section 6. It is regrettable 

i bs no example of the use of Eq. 35 has been given, and that some of the steps 
. in its development have been omitted. However, it i is obvious that in a short _ 


vi] some ex excellent algebraic manipulations have been eliminated f from this treat 
ment. One idea which tends to inspire ‘confidence in the equations | is the 
is - manner ir in which the author shows how each equation reduces to a well- known _ 
be formula under simple beam conditions. . Actually then, related « simple beam os 
n- | formulas are only special cases of the more general formulas developed a 


‘paper, , such as this, some things, caliente included, must be omitted. | or 


nd ti is imperative to become familiar with the frame characteristics, as e 

yn. i in Section 10. These new 
is index, restraint index, moment split, and torque split—and their interrelations _ 

en are the basis of the method complete understanding of this material is 


the | essential to the > proper u: use of the method. . The: arrangement, ‘shown in Table 1 1, 
ons f includes all the characteristics of the frame that are > necessary for the analysis. y — 
va- | In addition, the value of the table is enhanced by its se self- checking features _ 
er. which eliminate practically all chances of error. 2 at: 
fre- on the larger, more complicated frames, it is impossible to 0 complete this. > 
< table without resorting to the estimation of the value of a few of the coeffi-. 
da- cients. This operation (see Section 11), although quite simple, is invaluable. - 
are & It enables the analyst to check key members rapidly without ‘conducting a 

ig _ One of the an Eon sources of error and confusion in the analysis of 
rves “vid frames has always been the sign o or sense of the bending moment. pl The 
Sap. "traditional “positive or negative” of courses in mechanics of materials is usually : 


abandoned because of the confusion created by other than horizontal members. 7 
Directional | signs or the terms, ‘ ‘clockwise or counterclockwise,” ” usually are 
adopted; and sennd that is what the author’s “normal and reverse system” _ 
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% 4] However, his concept, as given by his definitions, * ‘pins ¢ down” the exact 
meaning of these terms, thus ; clarifying the physical picture i in the mind of the 
user. These definitions, together with the other fundamentals, enable the 

c cuted to picture exactly how each member of the frame reacts to different 
loading conditions. This gives the analyst a tremendous advantage over one 
uses system of positive and negative bending without attempt- 
to picture the resultant bending of the frame. 
In In Section 18, Professor Brumfield mentions a moment- -distribution chart 
on each joint. _ This isan excellent bookkeeping device. ; It must not be mis- 
construed, however, as an essential | part of of the ‘method. _ Direct 
is 
no more so than that in the Hardy Cross system. The eile are something 

" that the author has devised to facilitate computation. _ It has been the experi- 

ence of the writer, working without these charts, that the method is easily 
Ih one particular case it was as used 

successfully on on an airplane hangar upon w which. other men had worked, unsuc- 

- cessfully, for m much | longer periods, with a a number of other methods. When 
each of three other - methods ‘ ‘bogged down” at a different : spot, this method 

_ was finally tried and the analysis was completed i in a surprisingly short period. 

_ As the author states, one distribution is sufficient for all purposes, including 

— In conclusion, the author remarks that the m method has been extended to 
beams of variable section and restrained ends, and also to curved beams. The 

“writer has done some work in in this Tespect in arch analysis. e Probably the 

“most popular method of arch ana analysis i is the “elastic » center method.” A com- 

parison of the two methods would therefore be important. 

. aia ‘elastic center method’ ? is derived from the laws ¢ governing elastic 
displacements ir in ribs and frames—a fairly involved subject. _ This method i is 
based upon some of the fundamental concepts ¢ of the “‘moment-area method, 
familiar to all students of elementary mechanics of materials. ; It is developed 
from these concepts, in direct fashion, mainly through the use of the laws of 
statics. Therefore, where the Brumfield method would seem to be } compara- 
tively difficult to learn as applied to straight beams, it becomes the simpler 
method when. applied to the more complex subject of curved beams of variable 
section. Every equation used i is transformed | into the corresponding orthodox 
straight beam formula : as the radius of curvature of the ‘beam approaches 


These same applied to arches, s sewer I rings,  ete., can be used 
with equal facility for the analysis of ordinary frames, such as rectangular 
 bents, saw-tooth roof frames, etc. This means, of course, great versatility and 
adaptability. Finally, the Brumfield method reduces the arithmetical work 

_ hecessary in the elastic center method by at least one third. | |“ This i is of ines- 
‘timable value, as as it is this part of the analysis that presents the g greatest chance 

— summarize, the writer believes that this method will sales doable in 
; popularity among engineers when they realize that its accuracy, ease of usage, 


and extreme far the initial time spent in 
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| "ECTS OF RADIANT NT HEAT ON, 


CONCRETE ‘RIGID FRAMES th 


RK, | AND LIST Shes 4 


NLM. NEWMARK, 16 Assoc. M. Am. Soc. C. E. 16a__So much essential informa- 
tion has been omitted from this paper that it is difficult to follow the author’s: 


reasoning, particularly in those places where mistakes seem obvious. 
i a The curves shown in Fig. 4 for the temperatures at various times in two 
Lo different sections of the deck have the correct general shape, but the numerical | 


values are grossly inconsistent. — Since the temperature rise does not extend _ 
very far into the slab in either case, it seems unreasonable that the variation 
: of temperature with depth should be ‘different for the two sections. © “One should 
"expect to have the same temperatures at equal depths, and, moreover, these ~ 
ee should be the same ai as in an infinitely deep slab at the same depth 
from the surface. One suspects from the figure that the author used increments 
of depth | of different lengths for the two sections, and obtained different curves 
, by i reason of inaccuracies in his numerical procedure. * If this is the case, the | 
lower set of curves should be more dependable, cane should apply to all sections 
‘The eieidions of the computation of re change in step 2 is not easy to 
follow. ‘They writer does not understand id why the relatively tedious 
of Table 1 is necessary when the angle changes ¢ can be written n directly if — 
1eS knows the area of the depth-temperature re strain cu curve and the the position « of its 
eentroid. the area. of the depth-temperature s strain curve be denoted by 


ed Q, and let the barca from the top of the slab to the centroid of the area be 


lar denoted by 4 | Then the change ¢ is given by the equation 

nk 


at 4 which c is the distance from the top surface to the neutral axis s of the section. 
,, Nots.—This paper by Milan A. Johnston was published in sone 1945, * Discussion on 


ed by the Secretary 1945. 
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NEWMARK ON RADIANT HEAT 
In addition, direct strain at the neutral , from which axial 
may be determined, is given by the relation J 


— inw which A is the area of the cross se cross — a of Q and yo were eatimated 
from the lower curve in Fig. 4(b) with some difficulty s since the scale of the draw- 
ing is small. _ The results were: Q = 8.9 a ft-degrees and yo = 0.24 ft. The 
straight- line . distribution given on the figure san equivalent strain distribution | 

a to slightly different siiesiininie Q = 8.0 a ft-degrees and yo = 0.21 


the author’s assumptions. Angle changes for sections 1, 5, and 9 are computed . 
in Table 2. With a = 0.0000065 ft per ft per degree, the value o of Q becomes 
0.000052 ft. 7 It will be noted that only the angle change : at section 9 checks the 


TABLE 2.—ANGLE CHANGES FoR Sections 1, 5, AND 9 


Moment of inertia I, jin ft per ft, ait (1.74 - 


Distance to neutral axise = = 1.14 1.38 


y change ¢, in radians per ft (Eq. 16) 0.000049 0. 000035, 0. 

Angle change ¢, in radians per in 0.0000041 | 0.0000029 0.0000011 
Strain ec at the | neutral axis, | in ft ft per ft ft (Eq. “a 0.000023 -000019 0. 000011 


author’s value, since the » author ‘used different strain-distribution | curves for 
the other sections. Incidentally, the units for angle change as given in the 


paper should be radians per inch. The author’s diagram for angle-change load- 
ing is changed somew The final values for fixed- end moments at and C, 


= effect of the elongations. at axis may be as 
lo ows: The average strain is approximately 0. 000018. This corresponds | to an 
elongation of the neutral axis of 0.0014 ft. In order to bring the footings back 


_ to their proper position, rotations of joints B and D (Fig. 7) : are required, of 
magnitude = 0.00009 r: radian. These corr correspond fixed-end moments 


at B and Cc of magnitudes — A ft-kips and 3 ft-kips, respectively, using» 
the designer’s s convention. 


_ With the author’ s numerical constants, the final moments in spin LBC are. 


“computed, as shown in Table 3. The final | values are re considerably less than 


interpreting these one completly neglected by the author 


| 
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we 
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Lhe latter set of values 1s used in the further calculations below, where it is 
assumed that these quantities are the same for all sections in contradistinction to 
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HOLLISTER ON RADIANT HEAT 


tortions caused by the nonuniform temperature. For example, ‘if the deck 
completely unrestrained at the ends, there would still be a statically 


balanced stress distribution at every cross section, corresponding to the condi- 
Deke shown in Fig. 5(b). ¥ At section 9 the compressive strain at the top fiber, 


3- T TEMPERATURE Moments, Foor-Kirs (Pius Inpicatss 


a Compression at Top Freer) 


one 


Deseription point Bof BC | Crownof BC | PointCofBC 

4 Due to axial elongation........ —8. 5  —2.6 +4.7 


_ even if gp moment acted at ‘the s section, is | determined from the quantities in 
Table 2, as follows: e= = 27a «- — 0. 000023 — 0. 000049 x 1. 14 = 0.000176 7 
- 000023 — 0. 000056 = 0. 000097. The neglected compressive stress is, 
; 4 therefore, 291 Ib per sq sq in. ‘There i is also a somprensive strain at the bottom of 7 
a : the section, of magnitude 0.0 000079 i in. per in., , and tensile strains near t the e middle 


of the section. These s stresses or strains are { to be added to the others computed, | 


_ and are of the same order of magnitude. = ui 
-— oo _ The net effect in this structure is almost, but not quite, the same as if the 
§ only stresses introduced by the radiant heat were the compressive stresses near 


the top of the deck required to eliminate the temperature strains near the top. 


This is not unreasonable because of the great restraint given 1 the deck by the 


7 he ‘The foregoing comments are made in order to o clarify the method of calcula- — 

‘tion which may perhaps find utility for other problems. ‘However, the writer 
oF oy would like to emphasize that the stresses due to temperature should not be con-— 


sidered in the same light as stresses due to loads. - Temperature strains are fixed 
by the temperature conditions, but the stresses produced thereby are oa 


"structural steel, temperature e stresses are generally s secondary stresses, and do 
_ not ordinarily greatly i impair the capacity of the structure to carry overloads, 

although at working loads the stresses may be fairly high. 'Theq question 
by Mr. J ohnston—w hether the temperature effects can 1 always: be neglected— 
isa an important one. Certainly i in 1 the structure he has considered , the ra radiant- 


“Assoc. M. Soc. re . E. effects of radiant 


material is: reduced for "high stresses. ‘In a structure made of concrete or of 


heat on reinforced-concrete rigid” frames, as outlined in the paper, are very — 


interesting. Most engineers have e been aware that, i in some climates, the 
differential temperatures within a member of a concrete frame could be rather a 


large. 7” However, they have not bothered to attempt an analysis of such stresses; 


igi 


the paper, should be a valuable contribution. | 


Engr. of Design, State Bridge Dept., Sacramento, Jilin: DU 
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HOLLISTER ON RADIANT HEAT 

Mr. Johnston finds, for tl the example used, that stresses ¢ due to radiant heat FF 


amount to 35.5% of the total design moment. This is astonishingly high, and ‘Tela 


indicates that designers should not completely ignore the possibility that such f- cept 


76. 22! —>1<76.31!' 


== 


Across THE Arroyo Seco CHANNEL Houas 


for 35° ‘temperature 1 rise and ‘45° temperature: in the colder parts of the 

state, and 30° rise and 40° ’ drop i in the more moderate areas. ¥ Stresses due to = 
shrinkage, equivalent to about 30° drop in temperature, are also considered. 
‘Spans for the . reinforced-concrete 1 rigid frames built in California vs vary from a 
moderate > lengths to 1 130 ft. Some have quite wide Toadways, and others have 
rather sharp skews, all of which tend to add to the intensity of temperature 
stresses. . Some of these structures could ‘be subjected to relatively severe 
-radiant- heat stresses. instance, the Sacramento and San Joaquin valleys 
of California have large” daily temperature ranges throughout the summer 
“months. — The 1e daily ‘change i in temperature is from 30° to 50° and a change as" 
; high a as 62° has been noted in some pa parts of the state. With ‘an accumulation 
of heat on the surface of the slab, to 25° or 30° above air temperature, it would 


not be unreasonable to expect the differential temperature from top of slab to 


the “N umerical Example” o of the “These are inspected 
_ ently and no signs of distress that might be attributed to temperature have 


Some modern framed highway structures are becoming so wide and sO 
: _ severely: skewed that stresses due to temperature are e becoming increasingly it im- 


portant. For ‘instance, several | years ago the state constructed a reinforced- yi 
: concrete frame structure with the dimensions shown in ‘Fig. 8. The super - 
7 structure was provided with a longitudinal joint down ' the center; but the tw ro oe 
main piers were one solid mass of concrete 4 ft 9 in. wide by 188 ft 6 in. long. F . 


Inspection reveals no distress i in the superstructure that could be blamed to J — 
temperature or radiant heat. The piers, however, have cracks ‘v which are 
probably due to shrinkage. Other than this there appears to be no harmful ; 

Another example is afforded by ‘Fig. 9. To relieve temperature stresses it Fe 


was necessary to provide : a , longitudinal joint down the center of the super 
4 structure, and also a joint in the cap of the pier at the centerline. + hele bottoms 


of the columns are hinged to relieve temperature stresses. “2: 2 


called rigid frame structures 
j 
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It is regrettable that California does not have mo more specific | data on the 


i relative temperatures between top of slab and the interior parts of the girders, — 
_ especially some of the larger structures located in regions suk subject 


™ 


— at Bottom of Columns, - & 
Temperature Relief 
Joint for Expansion 
- 
Bent 1 : 
7 @ ELEVATION | OF STRUCTURE 


Fig. 9. —Drsian OF ON GLENDALE BOULEVARD, Los ANGELES, Cauir. 
The author has presented the paper in a clear, manner, and 
outlines six well-defined steps necessary for the computation | of radiant- heat 


id ; stresses. . The work ¢ of finding the » angle changes a at a given 1 section would be 
asda somew hat more complicated for a T-beam or a box girder than for the example 
Id however, the lewould apply.” 

a sed; however, the same principle would apply. Thyserien ee 


a Probably it will | bea long time before designers | are willing to go to the 
* trouble of computing radiant- heat stresses as a regular practice. — Nevertheless, : 


it is well to have on record a method ~s Ww hich such stresses can be com puted. 
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STRUCTURAL SKEW PL PLATES 
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‘Discussion 


By JoHN W. ALLEN 


Jo. Am. Sen. C. An interesting comparison of 
of solving problem of skew plates is presented 
in this paper. For the average engineer the difference-equation | solution is 
the most direct of the three. The physical meaning | of the difference equations 
P ean be understood readily a pry applied to various structures. This method 
often provides a , powerful tool ol when exs exact ‘solutions are not available. ; 


Wi 


(ay ie 


as’ . 


ale | 


if. the structure under consi deration were to deflect i in only on one direction 
such as the beam in Fig. q, these equations s can be set up in 1 simplified form. 
The basic equations can then be transposed easily | to a structure that is deflect- F 
The difference equations are merely approximate expressions for the e slope, 
and the rate of change of slope, of a curve such as a deflected surface or 8 
moment curve. theorem is basic, i in ordinary structural analysis, that: 
_ @) The moment in a is the rate of change 


“pl 


Nors.—This paper by F. L. Ehasz was published in June, 
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change of the slope of the moment curve. 
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‘1945 


~The corresponding difference equations for the foregoing theorems can be 
- written a as follows: The rate of change of _— of a structure, at point. 3, Fig. 7, 


> = 


(Slope midway between points 2 and 3) —(slope oe between points 3 and 4) o 


In othe er words, 


These same equations can be aniline similarly for the second theorem. For 


example, let P = the load on the structure at the point under consideration. 


‘Then P = 


ssed in terms a ‘the de- 


Fr 
to. express that which differential equation expresses 
in minute distances. _ With difference equations the expressions are solved 
simultaneously for a few points: instead of a ‘complete solution for an infinite — 
— Itisalso interesting to note the geometrical meat meaning of the tuldieg moment — 
‘in the slab. Referring to Fig. 8, ‘the following expression for the twisting 
‘moment can be obtained. Since the twisting moment is proportfonal to the 
Tate of change of slope in the z-direction with respect to the y-direction, iad 
can be expressed approximately for point kasfollows: 
Glope | at point n in the z-direction) —(slope at point m in the ; z-direction) 7 
= Distance between the points n and m in the y-direction 


In words, 


7 The foregoing demonstrates that differe ce equations supply a direct, even 


though approximate, x method of computing quantities that are important i in the — 


ALLEN ON SKEW PLATES 
(57) 
— 
d 
By combining Eqs. 58 and 59 load P can be expre oy 
U1 — 42 + 6 ws — 4H + (60) 
— 
lect 
ect — 
ope, 
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Discussions 


An 


ofa An equation must be written for each point on on the ne 


Application — of these e equations and tents of models of structures” proves 
that the conclusions ¢ concerning the number of points on a network required 


to obtain reasonable accuracy are substantially correct. 
22‘*Analysis of Skew Slabs with Curbs,” by John W. Allen, thesis presented to the Univ. of Tilinois, 


- Urbana, IIL, in 1941, in pee fulfilment of the requirements for the degree of ames of ein in —_ 4 
retical and Applied Mechanics 
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on BYA L. SONDEREGGER 


M. Am. Soc. C. E. Clear statements of the 
ay methods applied in t the utilization of flood waste by spreading and of the 
- correlation of flood control and water. ‘conservation, as practiced by the Los 
Angeles County Flood Control District, are presented in this paper. _ Conserva- 
_ tion by spreading is supplementary to, and an improvement on, the natural 

_ process of seepage from stream beds on the débris cone and also supplementary — 

— to the natural cyclic regulation of water supplies by underground storage which 
is peculiar to Southern California. ‘Iti is this natural regulation which has made 
possible the development of this at area and which has carried its population with 
ines through a period « of predominantly dry years ars which extended from 


1922 to the latter part of the 1930’s. sent 
7 Referring first to the quality of ceaeline water, Table 3 shows what was. 
to be expected—namely, that the storm runoff from the granitic watersheds of j 
the Sierra Madre i is stable, organically pure, , and potable from the standpoint 
- of total dissolved solids. The total hardness of 80 of Southern California storm 

water appears to be high, but compares favorably with the total hardness of | 

2 of the Mono Basin snow water and of aqueduct water of 96, which in ‘aad 
Cols. 2 and 3, Table 3, indicate that. the e comparatively short-time enithe 

of the “after runoff” with the disintegrated soil cover of the watershed 

: materially i increases the percentage of dissolved solids and the hardness. This: : 


tends to prove that disintegration and decomposition of the granitic formation 


‘ make some of the constituent components available for solution. - This con- . 

— dusion is further borne out by the fact that storage » in ground-w. water r basins and — 

4 the long-period contact with alluvial ‘deposits: materially i increase th the dissolved : 
solids. This is apparent from a comparison of the analysis of mountain water ~* 


- “during storm” (Col. 2, Table 3) and valley water “after storm” (Col. 5, | 


; a Nors.—This paper by Finley B. Laverty was published in June, 1945, Proceedings. er co 
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” mountain runoff, and 
rising ground ouher. _ The proportion of sulfur hydroxide increased from 28 q Co 
ppm to 93 ppm, chloride from 24 ppm to 36 6 ppm, and total hardness from 4 sto 
80 ppm to 177 | ppm. % The relatively harmless increase in dissolved solids by | the 
underground storage is compensated by the preservation of the purity and | a 


potability « of the water for or indefinite periods. Sar 
_ Conditions, more severe, result from reservoir storage in the ‘mountain Flux 
watershed. Under - natural conditions, the periodic scour of canyons by floods, } for 
small and great, removes decayed vegetable matter, ashes, and other impurities. q ord 
With the interception of all débris, fine and coarse, in storage reservoirs, or J 7 ‘ger 
behind débris barriers, this flushing process remains incomplete, with the result | or 


that silt and ashes accumulate above dams, ‘decaying débris is piled up in | z 


stagnant pools, and a a growth ofa , multiplicity of c organic life ms may be induced, ber 
‘including Crenothrix. Nevertheless, the more important fact: remains that “dey 
water supplies are conserved by impounding, and if they are of i inferior quality len 
modern methods of purification are able to cope with them. hares oft 
The volume of + water that can be salvaged in wet years by spreading i is} me 

~ substantial and is directly dependent upon available s storage yand the methods of | the 
operating fi flood-control reservoirs. | The most complete plans for flood control floy 
and conservation are those for the San Gabriel River prepared jointly by the cor 
Los Angeles County ’ Flood Control District, and the UL §S. Engineer Depart- “gro 
ment. Available storage ai as of 1945 is as follows: ‘full 

Assuming the proportion of the total storage at Morris Dam available for F an 


at Santa Fe Dam and Whittier Narrows Dam as 10,000 acre-ft, the total storage 
available for purposes of conservation will be 8,500 acre-ft. Under these con- J 
ditions the Flood Control District estimates the net seasonal s: salvage available cor 
for the valley above the Narrows at 3,000 acre-ft and for the coastal plain at f bu 
12,700 acre-ft. — The total is 15,700 acre-ft, which is 11. 5% of the mean seasonal | ‘nal 
runoff of 136, 000 acre-ft at the m mouth of the canyon and ‘183% of the con- — pri 
pal ou ‘In 1924 an ini of possible salvage of flood waste was made for a report f 2 
=a water supply of the metropolitan area of Los Angeles by a board of &§ 


~ flood control as 18,000 acre-ft , and the proportion of the combined total storage | p= 


engineers composed of the late J. B. Lippincott, ‘Hon. M. Am. Soe. C. E., fel 
Louis C. Hill, ‘Past- President, Am. Soc. C. E., and the writer. Under the flo 
_ assumption 1 of an available storage of 200,000 acre-ft then planned | at San in 
; Gabriel site No. 1, _ the estimated salvage for San Gabriel River watershed was F- to 
7 34,000 acre-ft pé per acre or 17% of the conservation : storage, and this | s quantity | 


was credited in the report to the ultimate local water supply available for the 
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averty refers to the “first sp AI 
County, on San Antonio Creek cone above Pomona in 1906. An interesting 
- story is connected with the initiation of spreading in that area. In the 1890's, 
there was a beeman by the name of Arenz, of whom it was said that he truly had 

“a bee in his bonnet.’ Arenz noticed that along the wet washes in the upper — 
San Antonio Creek cone there was a more e vigorous growth of brush and a more — 
luxurious bloom than along the dry channels. More. bloom meant more food 
_ for the bees, and more food for the bees meant more honey in the hives; soin — 

: order to promote the grow th of brush over wider : areas he conceived the i in- 
genious idea of diverting and spreading the stream artificially. This practice © 
continued over some years and as a matter of fact ripened into a right of 
"appropriation. ‘After the turn | of the century, a great development of citrus 
: began on the cor cones i in | that vicinity, after r it had be been proved t that the débris_ 
deposits were an excellent medium for the propagation of citrus, , particularly — 
lemons. ‘The ranchers, in n need of more water supplies, realized the advantage 
of recharging the underflow by spreading the flood ¥ waters and a general move-— : 

ed 
that the beeman | had acquired a priority to a substantial portion of the creck: 
flow of the | early s spring months and they promptly bought him out. | 
continued the diversions, not for the propagation of brush however, but for 
_ ground-we water recharge andina subsequent action in the courts in 1912 success- 
~ fully maintained their position and priority by proving that the spread water 
- percolated to their wells and fed their « ciénagas. ‘The late F. E. Trask, M. Am 


Soc. C. E., was the first engineer to practice water spreading in Southern 


a The question naturally arises as to the legal status of the spread water. 


A water right is established generally by diversion for beneficial use. The Los 
- Angeles County Flood Control District is charged by Legislative Act with the © * 

‘conservation of flood water; but the District is not a water user and hence. not 
an appropriator. . After the water is diverted and spread, it changes its status | 
from that of surface flow to that of percolating ground water and is then 

available for appropriation to overlying lands or for export. In most instances 

_ where conservation is practiced in this area, the diversions are made by i in- 
‘corporated conservation and protective associations who are not water users, 
but operate for their volunteer membership. . Spread water mingling with - 

_ natural seepage loses its ‘identity, although not necessarily its status as appro- 

- priated water, provided the appropriator can trace his spread water to the— 

- of abstraction - In the ease of these associations, the member water 
users are not the original s appropriators.  Moréover, their wells n may be n many 

from the grounds and widely distributed over the ground- water 


fi 
+ In the case of Pasadena vs. the adjudication of rights 
“to to the water supply of the Raymond ground-water basin in the Pasadena area, 


> 


“Water Conservation in Southern California,” by F. E. Trask, The Rural Californian, 1903. 7 
No. Pasadena C-1323 in the Superior Court of California, decided December 
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4 rights were established on the basis of pumping ng abstractions for beneficial use; 
no credit being awarded for the spreading of local supplies. As to possible 
rights to imported water, if spread in the basin, the situation is left open as” 


indicated by the following quotation® from said judgment: 


“That nothing in this judgment contained shall be considered as a 
oe of the right of any party to water hereafter imported by it 


into the Raymond Basin Area and spread therein, with the intent to 


After the destructive of 1914 1916, Les. Angeles County under- 


_ took a program of flood control by the construction of reservoirs with the dual 
‘intent of regulating peak and ‘conserving floodwaters. As matter of 
fact, bond elections were carried on the issue of water conservation. A majority 

of the population had moved i in n after 1916 and were n¢ not familiar ¥ with local flood 
tse hence they did not. grasp the necessity for flood control. _ However, 
they did | realize t] the effects of dry years and the need for conserving fl flood waste. 
aa - During the recent protracted period of drought, public opinion and pressure 
were sufficiently ‘strong to give conservation precedence over flood control and 
7 reservoirs were operated accordingly. — Since the flood of 1938 | an more cautious 


attitude in operating detention reservoirs has been adopted. 


- aaa «dt is s concluded, in the disposal of flood waste, that preference k be given to: 
a Flood control, (2) conservation, ai and (3) quality of water—in the order 


in The writer’s opinion as to the relative importance of flood control and con-— 
“servation may be expressed by paraphrasing © one of | the famous | Sayings of the 


late William Mulholland, M. Am. Soe. C. ., who, when ¢ campaigning in 1906 


told his audience: you don’ t get the water, you won't it.” 
_ If Southern California does not get flood control, it will not need conservation. 


= 5 No. Pasadena C-1323 in the Superior Court of Los Angeles County, _ California, decided December 

23, 1944, paragraph XVIII, p. 23. ig 
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Barnett,! M. Am. Soc. C. several respects this ‘paper is 


_ valuable, and not the least of these is its importance in calling the attention of. 


er 

a highway engineers to a neglected phase of geometric highway design. ¥ Despite 

n- the surprisingly large bibliography, for which engineers are indebted to the 
he authors, the use of transition approaches to curves on highways has not been 
06 generally accepted even though greater safety, smoother riding, and a more 
y) _— alinement are attained without extra cost. — Only about half the state 

departments now use transitions in highway : alinements. 

7 Among the reasons for this are reluctance to change existing — and 
— 2 to revise s standards; a belief that a vehicle using the highway i is not confined to 
a track and is able to effect the change from a straight to a circular’ motion 


a — smoothly; a belief that widening at a sharp curve | together with the gradual 


attainment o of this widening accomplishes a a satisfactory transition; -and a belief 

| ; - that transitions involve tedious calculations both in the office and field, resulting 

: in increased costs of engineering. ‘There has also been considerable confusion 

ft as to what factors should determine the minimum length of a transition. 

= Some of these reasons were valid when road speeds were slower than at 
- — present but they do not apply now. At moderate speeds the average driver 

- — can traverse a satisfactory short transition path v within the limits of a vehicle — q 


but with increased speeds longer transitions are required. These can be 

traver traversed only by hazardous crowding or occupation of adjoining lanes. The 
pve 

increase in the speeds a at which vehicles are operated, the desire for increased 7 

_ speed with safety, and the mounting accident toll make it imperative that 

{ highways be constructed in such manner that a driver traveling at the safe 


a Nors.—This paper by John Oran Eichler and Howard W. Eves was published in May, 1945, Pro- a 

am, SC Urban Road Div., U. S. Public Roads Administration, Federal Works Agency, Washing- 


* * Received by the Secretary June 11, 1945. 
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BARNETT ON TRANSITION ‘SPIRAL 


_ speed for which the he highway is designed will | not « only find it possible to confine | 


“his v vehicle to the occupied lane but will be encouraged to do so. eee 
OA discussion of the highway transition spiral might be divided into two 

"general sections—theoretical and practical. Too much already 

written regarding theory. Several forms of curve have been advocated. ‘The 

form used by the authors i is that i in a which the r radius varies inversely as the 


_ transition used by the the late Arthur N. Talbot, Past- -President and Hon. M. An. 
Soe. C. E. (29), except that Professor Talbot developed a 1 set of tables around 
the symbol « a which represents the rate of change of degree of curve per 100 ft : 
of length, and which equals the degree of curve at a point 100 ft from the “TS,” ™ 
= common point of tangent and spiral. T. F. Hickerson, M. Am. Soe. C. E 

(13), used the same form of transition as the authors and gave the: mathematical 

derivation for the coordinates z and Y; , but extended the mathematical deriva 
4 tion no further, since almost all values required for tables can be computed f from 
gand y. W. H. Searles s (25) developed a transition effected by : a series of com- 
pound circular ‘curves. 1 In ‘England, F.G. Royal- ‘Dawson (23) advocated the 

use of the lemniscate, a form of curve which permits a a certain type of field 
_ simplification . Several other forms are available. As regards riding qualities, 
safe ‘speeds, or rates of change of superelevation, no one form of transition has 


_. There have been differences of ‘opinion regarding the length of transition 
which should be t used in highway, design. | Suggested lengths have been de- 
_ veloped by theory but unfortunately { there have been differences regarding the 
basis on which theoretical lengths should be developed. _ In developing lengths 
- of transition for railways, W. . 4 Shortt tised an average rate at which the 
vehicle on the transition approaches the final constant centripetal acceleration 
on 2 the circular curve (27), but the rate to be ‘used on highways. is largely | 
- matter of “opinion. — In a similar approach the time to turn the steering tel 
- attain a certain degree ¢ of curvilinear motion at a certain speed | has been 
as a basis for length determination. Rate o of runoff (that is, the” 
change of superelevation i in a unit of length) has many advocates, but there 
are differences of opinion regarding both the rate of runoff and the rate of 
= superelevation. In all these determinations | the ‘speed of the vehicle i is assumed 


: 7 that is the basic difference of approach, pa larly between designers i in 


In England most designers assume that the geometric betunen of each: curve, 


the radius, superelevation, s and 1 length of of transition, , determine the speed of the 


vehicle, an idea which has many advocates in the United States. % ‘Under this 
assumption a driver will change his speed at each curve. Although scientifi- 
cally controlled observations are. needed for a proper determination, most 


engineers have observed that once the a average driver escapes the influences ¢ of 
urban conditions that tend to force a wide Tange of speeds, he i is inclined to 


a settle down to a uniform speed which, in his mind, is as great as the traffic and 
the physical characteristics of the highway permit. The speed is seldom the 


, Numerals in parentheses, thus: (29), refer to corresponding items i in the Bibliography (see A Appendit : 
of the paper), and at the end of discussion in this issue. 
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maximum speed of the vehicle since almost all pa passenger vehicles and some 

io buses an and trucks | can attain | speeds greater than that considered safe on existing — 

: ‘highways and greater than that for which the public and highway engineers 
deem it economically feasible to construct most highways at the present time. 
For purposes of design it is assumed that traffic is not dense enough to slow 
_down a vehicle and that the steady speed adopted by the driver depends: largely 


upon the physical characteristics of the highwe ay. 


The personal factor cannot be ignored. Some drivers choose higher er speeds” 
than n others. Some passengers feel comfortable at higher speeds than others. 

q Those , physical characteristics of the highway that tend to make a fast ‘driver 

i slow down also tend to make a slow driver reduce speed; but an approximately 


“by The difference in thinking regarding speed to to be used i in 1 design has led to 
still another difference—one which relates to the use of a curve transitional 
throughout. The idea that. each curve is traversed at its maximum permissible 
speed leads to use of curves transitional throughout for the smaller values of | 
the intersection angle, _ A, and has been advocated chiefly in England. Highway 
~ designers i in the United States incline to the use of two transitions and a central — 


uniform speed, rather than a variable speed changed at each curve, is — 


s cireular curve each taking up about a third of the central angle. 

a ‘These e differences can be reconciled only by the application of the results is of 

n = ‘ele of speeds on highways g generally, tests of speed i in relation to curvature cod 

‘superelevation, and tests of driving ¢ comfort around curves. Results of tests on 

ie speed ‘and comfort have been reported by D. Ww. Loutzenheiser (36), oO. x = 
1S -Normann (37) (38), and A. Taragin (39). ~The te tests by J John Je Leeming and 

e ALN. Black (40) constitute one of the few attempts to measure comfort and 

n driving practice around curves and, although they leave much to be — 7 
a § to make them completely scientific and conclusive, they point the way toward 

el conclusions which the writer feels are significant and which he has assumed for - 
mnany years as the result of sheer logic. In their conclusions, Messrs. Leeming 

a | os is tentatively suggested that curves should be designed to have | 

‘q about two-thirds of their length transitional, which would mean 1 that the —— 
alll ‘es transition angle would be about one-quarter of the deviation angle. Curves 

in & designed according to this rule would then conform to what appears to be 

, ' _ the average practice of drivers. As far as the information goes at present, 
re, it does not appear that any better compromise is available. As, however, _ 
he a the length of transition is not very important, it will be amply good enough 


7” for all practical purposes to make the transition angle as near as convenient 
us a: to one-quarter of the deviation angle. In general, transitions should be 
fi- f short rather than long, and the main object should be cngeety and ease 


. . Ge is evident that precision in the form or length of transition curve is not 
a “Recessary. The differences of opinion regarding the factors that determine | 
he _ length and type (pa rticularly the factor of speed and its relation to curvature 7 
= pF and superelevation) prove this. Then the problem of encouraging the adoption 


of tr 


ansition curves for highway alinements is not one of persuading ; highway 
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BARNETT ON TRANSITION SPIRAL ‘Discussions 
engineers use a particular type of curve or that 
results in a particular length, but in persuading engineers to use some kind of a 


transition curve. _ The mathematics s presented by the authors should be simple 


to any one who has co completed the : average college ¢ course in 1 calculus, c or even 
\ advanced algebra; but it will * ‘scare are the sh shirt off” many ‘surveyors on highway 4 
work. In addition the calculations must be made frequently in the field and — 
“supervisors are discouraged from adopting any procedure that requires a survey 
party to await the results of tedious calculations. _ eee ee 
a _ The control on most highway alinement problems, once the deviation angle 
— Ais measured, i is either the tangent distance, T, or the external distance, E, 
from the ‘point of intersection to the center of the curve, or both. | If ‘the 
common practice i is followed o of first t designing and locating a circular curve and 
later : adjusting the curve for inclusion of transition . approaches, it r results i. 
odd values of 1 the degree of curve and length of transition, and tedious caleula- 
tions a are. necessary. If the uselessness of precision in length of transition is 
recognized, however, tables can be prepared which give the tangent distance T, 
for curves with transitions, and the external distance E, for curves with transi- 
tions, directly, and it becomes as easy with such tables to design and locate | 
curves 1 with transitions as to design and locate simple curves, | provided the 
curves are designed initially a: as curves with transitions. si Such tables, referred 
to by the authors (2), were prepared by the writer in 1938. Wen it ee 
iF Several years of experience with these tables have revealed wherein they 
eave proved t their worth and where there are shortcomings. Where they have 
been tried on actual work and the e designer or locator has jumped the hurdle — 
ny: of the explanatory mathematics which was kept to the minimum, no difficulty 
was encountered. In fact, the writer now advises that initiates omit the text 
and proceed to actual trial using the numerical examples to learn the sim mple 
operations. — The choice of lengths o of transition is limited to multiplies ¢ of 50 ft 
and the degrees of curvature to even degrees, in some cases half degrees, so 
: “that except for straight- interpolation no calculations are necessary that 
cannot be made, for all practical purposes, mentally; and, for every combination 
of the length of spiral L, and the degree of curve D, additional tables give all” 
salient features of the transition curve including deflection angles to points on on 
the transition divided into tenequallengths, 
Incidentally, although mathematicians do not take kindly to ) the ‘concept of 
the degree of curvature used by the writer, it is a mighty handy tool to the man 
_ who must make calculations quickly. _ The length of arc ‘subtending a central 
_ to be known as the degree of curve should be an even 100 ft and not 


100. 007 ft which the authors apparently chose in order to make the value 


- representing the relationship between radius ar and degree of curve come out even. 
“9 The necessity for having this value even is obscure. — 


“ne 


radius instead of degree of curve does not minimize the essldineen of. the type 

of tables proposed by the writer. * In their Spanish translation in 1941, M. San 
Miguel, E. F. Tagle, and A. J. L. Bolognesi used the radius of Tr in recom-— 
‘puting the writer’s tables (2) to the metric system. hee 
principal shortcomings revealed by use of the tables in ‘ “Transition 


— for Highways” - are two i in ‘number: (a) For the larger values of A 
— 
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of D. will seldom be used a and correspon evrreaponding values 1es of T, and } are 
unnecessary. it would be better to devote the limited space to giving a nie a 
choice of the larger values of D,; that is, values corresponding to degrees and — 
half degrees instead of degrees only; and (6) for the very large values of A used ‘a : 
in , mountainous areas, and sometimes in turnouts, values for L, = 100 ft a nd 
possibly values for sharper curvatures should be added. 
W. Stewarr,5 M. Am. Soc. C. E.*—As a examination 
of the transition spiral this paper is” very thorough and complete. The vie 
bibliography, although “unusually well prepared, omits what is s probably the 
first presentation for practical use in America of the mathematics of the true = 
| transition spiral whose curvature uniformly increases from point to point. 7 
This’ was a paper (41) by the late Elliot Holbrook, M. Am. Soc. C. E., which — _ 
| in 1880. The same mathematical procedure was used by A. N. 4a 
Talbot, Past-President and Hon. M. Am. Soc. C. E. (42), ina paper published _ 7 
1891, later to be included i in Professor Talbot’s book, “The Railway Transi- 
tion Spiral” (29). In 1899, F. K. Vial used the law of constant increase in 7 
curvature of the transition spiral to devise a universal table of coefficients for 
deflections for laying out the curve. By the use of this table of coefficients (43) | 
(29a), an instrument could be set at any chord point of any spiral which was : 
divided into uniform chord lengths and the deflections to all other chord points 
could be computed by mu ultiplying the spiral constant by the of 
There e were, i in former years, many engineers whe euch 
7 matical procedures a: as the expansion ofa: function into : an infinite series of — 
xt by Maclaurin’s theorem or otherwise, and who o were annoyed by formulas such a) . 
le - Eqs. 10 and 11. This led to the use of the curve composed 0 of a series Of = 


ft finite circular arcs whose properties could be computed by trigonometry. ——_ are 
50 7 's The author states that he does not propose to enter into arguments favoring — a 
at ‘any one type of easement. The writer, however, wishes to call attention to the 


disadvantages (discovered field experience) of ‘the | curve com- 


spiral curve which, for all practical s, will coincide with a 


of | “4 The chief disadvantage of the multi-arc curve is that, with the transit set 
~*~ & at the beginning of the first are, W hich is called the beginning of the curve, — 
-al ~ accurate deflections are known only to the points ; where the arcs are com- 
ot [} Pounded. if it is necessary to set points for the bents of a trestle bridge, a 
ue common procedure i is first to set stakes at the compound points of the ares and 
n. then move the transit from compound point to compound point to set the 
of intermediate points at the bent locations. This and similar situations sare 
pe rare. It is sometimes necessary to set points that do not coincide with 
compound points ino order to investigate side ‘clearances and to locate track 
m- eae or ‘other intersecting lines. ~ The accumulation of all such incidents i is 
i | _ quite appreciable. At one time the writer had to lay out the points of a multi- a 
on Bridge Engr., City of Los Angeles, Los Angeles, Calif. 
A ba Received by the Secretary June 1945. 
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‘compound-are spiral o on the floor beams of a high steel bridge which was under 
construction. . Not knowing at that time how to Tun the equivalent true 
‘spiral it was necessary for the bridge construction crew to lay ‘temporary plank 
‘platforms : at the compound points of the big 
aa _ ‘The true spiral, which (for all practical purposes) will coincide wit with a multi- 
’ are substitute curve, can be determined ‘easily. —Itis only ne necessary to lay out 
one arc length of tangent behind the beginning of the first arc. _ The center 

“point | of this tangent and the center points of the consecutive a ares arcs will then 


same rate of increase in curvature per 
unit are length as the multi-compound 

substitute curve. 

aor This is best illustrated by a numer-— 


cal example. Let Fig. 6 represent a 
80 ft long. Let the first are be a. a 0° 30" 
curve, the second a 1° curve, ete. Note 
that this provides for ‘an increase in 


2 at the rate of curvature of 0° 30’ in 30 ft 
ie < figure i indicate the ends of the arcs. . The 
small circles indicate the centers of the 


ares, and also the ¢ center point, marked f 
TS (change from tangent’ to spiral), 
of the arc length of tangent which 


spree precedes thecurve. Ifthe accumulated 
curvature from TS to center of 
are is computed, it will be found to 
vary as the ‘iad a the distance along the center line which is the intrinsic 
3 equation of the true spiral. _ It will also be found that a true spiral having a 
rate of curvature increase of 1’ per ft and beginning at the TS point will pass fF 
through 1 the center points of the arcs, subject to negligible errors | depending « on fF 


whether chord lengths or or arc lengths are measured and other causes of minute 


differences. 

_ Since ample tables are available for laying out spirals, it is not t necessary -« 


to cope with equations that involve an infinite series of terms. 
-. The following analogy i is useful i in general engineering practice: A transition _ 
spiral represents uniform increase in rate of curvature. , x niformly accelerated — on 


motion represents uniform i increase in velocity. 1 This makes the total curvature 


in a spiral for any distance z along the curve equal to 0.5a x2, j in which a is 

of i increase in incurvature. Thisis analogous to the formula 0.5 g which rep- 
resents the distance that a body falls (starting from 3 rest) i in any elapsed timet = 

under the rate of acceleration g. Also, the elastic curve of a cantilever beam of 
=f uniform section caused by a cxmenininediii load at its free end is a transiti on * x ; 
h. spiral as long as the deflection is small, because the bending moment, a and | 

elastic curvature, increase uniformly with the distance fi fom 
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DonaLD THomPson,® Esq. ““—The Teview of the mathematical | theory of the 


"highway transition » spiral, as presented i in 1 this paper, : should | prove e interesting 
xk | and instructive to engineers designing high-speed highways. — Recent publica- — 
" _ tions o on transition curves, notably the work of Joseph Barnett, M. Am. Soe. a ae 
C.E. , cited by the authors (2), have avoided an exposition of the mathe- 

7 ; matical theory on which the true transition curve is based. Thomas F, Hicker- a 

- } son, M. Am. Soc. C. E. (13), gives the derivation of most of the spiral formulas — - 
but omits the mathematical theory for the formula for the deflection angle. 


he aq Earlier publications o: on the true transition ¢ curve, however, gave the deriv: 

, tion of all the fundamental _ equations developed by Professors Eichler and 
rd : Eves. In 1893 the late C. L. Crandall, M. Am. Soc. C. E., , (44) ) developed all 
the formulas for the true transition curve. Professor Crandall credits the 


r- Elliot Holbrook, M. Am. Soc. C. E., 5: with first describing the true transition 
“curve in which curvature increases with the distance (41), and de- 
ch veloping the formulas and practice for small angles. 

fr | ‘It is true, of col course, that know ledge « of the mathematical theory is n not 


pony either for designing or for staking transition curves. . With either 


in ‘Mr. Barnett? s or Professor Hickerson’s book, the 1 use of transition curv curves will | 

ft involve scarcely any more work than the use of circular curves. The authors’ 

he f method of calculating the elements of a particular spiral by substituting i in the ' 

he fundamental formulas, although interesting from a mathematical standpoint, 

he 4 is not practicable. _ The spiral elements can be taken directly from tables in a 

ed < ‘either of the afore-mentioned books (2) (13) in a fraction of the time consumed | : 

substituting appropriate values i in n the formulas of tl of this paper. 

ch xh) ‘The derivation of the formula for the deflection : angle a in Section 5 is _— i 

complete. 7 was given as stan a in which is in radi- 

to ans. To derive a formula for a (not tan a) the en angle | must be a 

ite Substituting Eq.7 7 in Eq. 34a, dropping higher powers ‘than the third, 

converting to degrees, the correct formula for the deflection angle is 

ed 


any given’ value. of gin in order t to obtain the corresponding value of a is, , therefore, 


In oduieting the “deflection angles for a particular spiral it is necessary ¥ to 
“ express the deflection angle ¢ a in terms of the length s along the curve to the 
- point for which the deflection is desired, the total length S of the s spiral, and the 


ae Civ. Eng. Associate, Bureau of Eng., City of Los Angeles, Los Angeles, Calif. hii Ts 
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total al spiral ai angle In terms of of these variables 


: 
8 


The formula for the. centrifugal ratio, Eq. 15, is given nas Zo =: 


which e is the superelevation i in feet per foot, f is the coefficient of ee R- 
a the radius in feet, g is acceleration of gravity, and Vi is the velocity in 1 feet, i 
per second. This i is the exact formula for superelevation with friction consid- 
ered. Tt would be useful in ‘designing a racing | track whefe large values of ¢ 
— _ “might be e necessary, b but it is never used in highway design. Since the maximum 
a values of e and f permitted i in the design of highways are quite small, 1 — —ef 


will be very nearly equal to 1 and the formula for the centrifugal ratio can be 
simplified to 


V to ‘miles per hour, Eq. 36a 


7 which is the approximate formula for the centrifugal ratio and the one alw ays” 
used in highway design. Since the approximate formula will give slightly 
lower velocities than the exact, it is on the side of safety. wipe 


A value of f = 0.14 for the unbalanced | centrifugal ratio (which i is mentioned 
by the authors in Section 7 as being the accepted standard) seems too. great for 
comfort. at high speeds. Ralph A. Moyer, 4 Assoc. M. Am. Soc. C. E. (45), has — 
‘recommended that the unbalanced centrifugal ratio of should not “exceed 0.10 
at 60 miles per hr. _ Charles M. Noble, M. Am. Soe. C. E. (46), after exhaustive 7 | 
high-speed tests on the Pennsylvania Turnpike, recommended t: that, for ll 


: ties of 70 miles per hr, f should not exceed 0.10. In designing pa parkways for the 
Bureau of Engineering of the City of Los Angeles, Calif., the writer uses & value 7 
“for f which varies with the velocity. my The variation : is ‘considered to be linear 

expressed as a as a formula, i 


ane 


will be = = 1, ,200 it. Fe For curves than the minimum the 


or 


Oo 


_ in wh n which e is in feet per foot, _and Ri is in in feet. ‘For the le length « of the transition 
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per hr, f would be 0.10. Using a 
which V is in miles per hour. the centrifugal ratio | 
maximum value of 0.10 for e, the maximum value o 4 
for superelevation for design speed of 60 miles per hr 
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we 


spiral and the super superelevation transition the writer is using a a value | of | 1 1.8775. ft 
per sec® for Y instead of the ce commonly y accepted 2 ft per sec? which results in < 


value for the length of the transition of 


in n which V is in miles y per iawn’ S and R are are in feet. Fors a aii or of 
60 miles per hour, Eq. 39a can be expressed as at ll 


This length of transition will limit the difference in grade throughout the super- 
elevation transition between the center line of a 36-ft roadway and the outside | 
edge of a 36-ft roadway to 0.5% or 1 in 200 provided the superelevation is 
attained by rotating about the center line of the roadway. 7-7 yee a 
It is the present practice in the City of Los Angeles to first project a circular 

alinement allowances for external ‘distances’ and lengths of 


will: be transitional throughout or have a remaining erring are. If any 
“circular arc on the projected alinement has a length equal to 432 ,000/R, the — 
transition curves when inserted will take up all the circular are and the result- 
‘ing curve will be transitional throughout. If a circular curve on the original | 
~ alinement has a length greater than 432,000/R, then there will be some circular | 
are left after the transitions have been i inserted. _ For the sake of appearance, 
the minimum length of any circular curve has been set at 500 ft. Since i 
‘Maximum length of transition would be 432,000/1, 200 = = 360 ft, occurring on 
the minimum radius of 1,200 ft, all curves will have a portion of a circular ar arc 
‘Temaining and will not be transitional throughout. 
In their conclusion the authors state that they hope their - paper w iinet 
a8 clear and concise introduction to. the fundamental principles of the true 
transition | curve. — The paper has accomplished its purpose and should stimu- 
7 late interest in, and. promote, the wide acceptance of the true transition cu curve 
by highway engineers. 


of the highway transition spiral the authors have cited | some, but not ot by any = es 
~ means all, of the contributions that have been made in adapting this curve to 
the layout of highways. For example, the writer has prepared a table con- 
taining the deflections from a tangent to any point on a spiral (13a). 
table meets the objection. mentioned by the authors, in their description of — 


two methods of staking the ‘spiral (Section 12), that “the points fixed do not 


with | the even chain lengths along the curve ve * In n connection 
with the curve that is transitional throughout, the writer prepared a table | 


—™Prof. of Applied Math., Univ. of North Carolina, Chapel Hil Hill, ,N. 
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(138) “Tangents and the Unit Double- Spiral Curve of 
Bio, Knowing the intersection angle A and the actual length of this curve which 
As transitional throughout, the tangents and externals can be written at once. 
Thus, if A = 40° and the length of each spiral i is s 600 ft (total length of curve 

1,200 ft), then T, = 102.987 x 6 = 617.92 ft and E, = = : 12.275 X 6 = 73. 65 ft. 
‘These tabular v values of fT, a and E Ey for the unit: curve were — by the 


- writer from the formulas: 


B+ 


vers 


Eqs. 41 the s' subscripts refer to point P 1) at the end of the 5 


7 eee 40 are more simple than Eqs. 21 presented by the authors: inasmuch 


c et 


_= 


values of and y for any point of the are: 


in which h ¢ is measured i in radians. nat 


— 0.304617 (10)-* 0.429592 


wir | 
s (0. 581776 — 0.: 126585 ao 6 + 0. 122691 aor 


No 
— 
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— 
Th 
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Such accuracy would establish the parts ofa spiral to the 
nearest hundredth of 8 foot | even when the length of the spiral is 1,000 ft. 
Now that these tables have been compiled and checked | independently, by 


Ce, | ‘different parties it is to be hoped that engineers will use them in good faith 
ve | just as they do tables of logarithms. 
a The authors brought up a good point in stating that there are any ny number 
he | of permissible nanan suitable for a given velocity V and intersection angle A. 

In Eq. 160, if (a safe limiting value) and if ‘is as 


(40) 


a) | Eq. 46 i is often misinterpreted. It gives es the minimum permissible lo 
of transition curve that may ‘be used without exceeding the maximum allow- 
Lb) | able rate of change of acceleration n while driving a car from a straight path to 
ral the full curvilinear path 

“ Assume that » = = 60 miles per hr; then if R = 2,000 ft, S = 170.6 ft; and 
. iP ifR=4 ,000 ft, Se = 85.3 ft. These values of S are strictly according to the 
of arbitrary formula, but if a much longer transition is feasible the change from 


“wt s straight to a curved path would ee all the easier and the general appearance 


the curve all the more improved. 
2a) ALLEN H. Assoc. M. Am. Soc. C. E.8*—This paper and its 
“extensive bibliography should prove quite useful i in highway design for es- 
2b) departmental standards involving transition curves. In addition 
3a) | to the authorities cited previously the | following should be included: R. C. 

35) : Archibald (47), D. E. Hughes (48) (49), the late William Cain, M. Am. fee 


C. E. (50), the late C. L. Crandall, M. Am. Soc. C. E. (44), the late S. W. 
Robinson, M. Am. Soc. C. E. (51), who cites the work of the late Elliot Hol- 
q brook, M. Am. Soc. C. E. (41), Southern Pacific Railroad Company (52), z, Cc. 
4a) "Nagle (53), who cites the work of Mr. Crandall (44), the late W. B. Lee, M. Am. 
a ~ Soe. C. E. (54), John H. Fletcher (55), the late N. B. Kellogg, M. Am. Soc. C. E. 

~~) (86), A. L. Higgins (57), H. Criswell (58), and William T. Pryor, Assoc. ~ ya 
.) ‘ Soc. C. E. (59). Each of these articles deals directly with Euler’s s spiral (some-_ 


. = times referred to as the American spiral) and will help to trace i its development | 


A A complete the Euler spiral will involve three steps: (a)A 
7 - discussion of the background, as has been done so ably by the authors; ) 
a ; analyses by | tables or r graphs showing the authors’ recommendations regarding 
5a) length. of curve and superelevation (also a more extensive lis list of useful ome 
4 r correlating a all parts of the spiral to be used by highway planners) ; ‘and “4 aohne 
partments to adopt the Euler Maybe this is due to the apparent 
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Discussions 


Several of | 


plexity of the formulas =a difficulty in finding the e proper tables. _ 


the references have e quite ¢ extensive tables and one of these is @ seven- -place ( 

table of natural functions at 3-min intervals. a 

a From the following it should be clear that the spiral, with tables, is : nearly a 

as simple as a circular curve, and more simple than a » compounded curve. 

Evidently the circle would be difficult without extensive tables of natural and | - 

logarithmicfunctions. 
pin Since most of the spiral tables are developed in terms of s and 4, it i is con- ’ 

venient to compare them with a circle using the z-axis along as | 


stam Bt 
“The: terms sin,, vers,, and tan, are introduced to show the parallelism and are a 


as “‘sine spiral,” “versine spiral,” and “tangent spiral,”’ ” respectively. 


_ They are similar to the circular functions of et 4 


= 


_ From an examination of Figs. 7(b) and 7c) it i is evident that the tables for 
- Euler’s spiral are faster to use than those for a compound circle. iy 
In the following discussion the writer has not included the derivations a: 


they detract from, rather than enhance, the u the use of of spirals. 
— 


— 
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of Apparently the authors followed the same procedure as as F. G. Royal-Dawson 
ce (23) in deriving Eq. 7. If the division is made as indicated in the a a 
a formula is. is evolved which is to o Eq. 
‘ly 
- e last: term n of Eq. 48 i is nearly correct; thus: 


- Solution of Eqs. 7 to 13, will hbo be needed in practice since all values 
necessary for their solution have been tabulated by several authors. = 

ss The writer has found the following equations useful on several | occasions 
4 (one or two terms will usually suffice). 7 Let o equal the offset AE in Fig. 35 


then: 
ar area under | the curve between s, 2, and y equals 
17,325 325 


> 


Similarly, y (sce Eq. 220), «x 


Many simple and useful can from the following, sa some of 

which been publis hed by Mr. Mr. Hughes (48) (49): 


— 

a 

3 

U 

4 


1456 | BROWNFIELD ON TRANSITION SPIRAL 


Typical formulas for r are: 


10 5,400 702,000" 


zt, 


e(1. BY tis” 
71 , Eq. 576 is derived from the cubic parabola. «Nie 
to Fig. 8, 


Fia. 


which s, is any part of the spiral ; arc, R, is its: 
radius, and ¢, is the subtended angle. Also: 4 


=¢1 


8o 


ers 


correction in Eq. 61c is nearly to wiih: fact it 


possible to traverse a spiral along its chords. __ 


By ‘Eq. 50 the first chord correction (see Table 2) i is: pees 


X 50 X 0.5? X 0.0000135386 = — 0.00016923 ft. 


4 "Assume the following conditions as an example: s; = 300 ft, gy = 18° 7 


Ri = 477. 7.465, = 297. 053 = = 31. 195 | ft, 149. 508 ft (by Eq. 5 +546, 


| 

Discussions 

| o9a) 
| 
(596) 
useful approximations can be derived from Eqs. 58 to 60: 

+ Voido+ $2 _ oi t + 

— 


November, 1 
= 149.509 ft), sin, « o= 0. 9901754, and vers, ¢=0. 1039838. - Referring to 


4 ‘Table 2, m2 is computed as 297.050 ft, which checks the foregoing value of 
297. 053. Similarly, 31. 195 checks the foregoing value of y. The values of 


in . 2, Table 2, are (point)? i in Col. 7; ‘thus, for point 5, 


In Cols. 8 | and or is the difference between 


aa X 18° = 12.5°, ete. 


adjacent values of (point, the a? being factors used i in determining 


for that « by Eq. 62 and Col. cy i 


TABLE 2. 
2.—CoMPUTATIONS FOR TRAVERSING . Atone ( Cuorps 


0.999996 | 0.002909 | ~0.00016023 


0. 999793 020361 
0. 908473, 
0. 994214 
0.176512 i 
0.965169 | 0.261628 


can be directly. For example, 


bing: 28 + 355,300 360 162,993,600 
_ Another case arises when a given curve center and a given sieieits s are fixed. , 


Let R equal the radius of the existing circle; it is required to compute the new 


‘ é 


from which, and 8, Ra = can be computed readily. 


bi 5 indicated by | the ne authors, the spiral : and its involute wind about a point 
= as) (47) (49) that | lies on a 45° line from the « origin a and i is distant from ita 
leng th . This is the value of c as approaches | ©, The maximum 
chord and maximum ¢-values have been calculated. The involute of Euler’s 


spiral j is not the nor is the e evolute o of a hyperbolic spiral a a 


—— 
= 
| ‘ ‘a 
q 
Point Station | ¢° | ae 
1 10+50] 05 
2 1+00/ 20); | 4 | 
| 49,980 | 15.167 11 121 | -—0.020 
6 |3+00/180; | | | 
0) ale 
= -9 
a) | : 
a7 
> | j 
g it 1 
L 
ft. 
| 
— 
-= | 


Discussions 
The idea of a curve that is transitional throughout has occurred to many 
iogdeaes and, as indicated in the paper, it presents a grade transition problem 
where the cu curves meet. - Compound ‘spirals similar to compound circles are 
feasible and the writer has seen this arrangement on a set of plans only o1 once. 


The authors are to be commended for their extensive research as indicated 
: by. the bibliography. Their list of f “approximate relations” will be found 1 use- 
ful and may be verified by plotting corrections to s on either log-log von or 
slinement graphs, 
should be obvious from foregoing that Euler’ spiral: is an exact 
_ curve and that tables can be used for most of the work, Some writers ‘use 
the degree- of-curve system. should be a personnel choice because either 

works if one can establish a definition for it. Since s s, R, and (or 4) 

-_ quantities used by all surveyors, there seems seems ” be little need for any par- 

ticular one of a dozen degree systems. _ 4 

— Right of ways can be described as ‘parallel to a a center-line spiral and this 

center-line curve can be retraced from any two parts such as sand R or Rand gd. 

& can be computed by Eq. 52, and they can be checked approximately by | 


_ The use of tables has been emphasized because the writer has seen many 
men en shrink fr from the extensive formulas and derivations. . The body of data 


"presented herein is only a a small pe por tion of the material available and it should 
be needed on rare occasions. 63 prove useful 


attention in this discussion. Most « cases are if Eqs. 56 2 are com- 
bined with Eqs. 58, 59, and 60. These are exact equations and will not — 


Ss. PULIDO y Morauzs,? Esq “—The use any of the easement 


* of gravity of the vehicle, endeavoring to it 


“verse direction. This effect cannot be eliminated, but it can be reduced. ag = 


Ai The spiral that is transitional throughout i is ‘composed of two eae 


in which A, ‘the: total deflection of the curve, is in radians, and R,, is the o 


‘n at the point of maximum curvature. 1 Therefore, the total length is henleil 


Also, 


1s 


= 9Civ. Engr., Havana,Cuba. 
Received by the Secretary August 2 23, 1945. 
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Combining, Eqgs. 64: and 66, solving for. Ray: 


Jaa 


Eq. 673 is a valuable guide for determining 
is t transitional 


tzansition ¢ curves es. It ‘yields the spiral of minimum | length and i is yertiondacly 


useful when space is restricted. 


| 


which is the typical spiral equation. The formula for mee emmans of the 
transition length—S = = s not precisely y applicable to other 
transitions than the spiral. ti is derived by the following reasoning: In the 


path « of a vehicle traveling on a transition curve at constant speed, the centrip- 
etal acceleration i is zero the where the radius is equal to», and 


tra weal, ‘the of acceleration along the curve is expreseed by: 


Rt at the e end where the ra udiue i is | the minimum for that case. - we t is the time sof 


Substituting ¢ = — in Eq. 71, but this is an expression for the 


mean value and cannot be accepted as an elegant conclusion, although it is 

admitted that mean acceleration is equal to maximum acceleration, 
eM: he mathematical requirement for the perfect easement curve—that the 

radius: of curvature rat any ‘Point should be inversely proportional to the 

iE distance s s to that point—is not precise, since these two qi quantities 1 saga approxi- | 
- mately (but 1 not precisely), i in inverse ra ratio, as ‘stated i in the paper. 7” oe 
“ In the writer’s opinion, all the easement curves—the cubic parabola, the 
lemniscate, the Talbot, Searles, C Crandall, and Ericson curves— satisfactory 

and give substantially the same results i in the field. The lemniscate advocated , 
} by F. G. _ Royal- Dawson (24) in _ England is the most rational at the single 
=” where the radius of spiral curvature is greatest; but it is not rational for. 
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minimum radius of a spiral that 
is readily available in standard 
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i any other point along the e spiral. This easement curve requires more length 


than the spiral. 


p paper is a good od contribution to the on easement curves. 
Cac Wier, 10 |] M. Soc. C. E.00—Every one who uses the spiral. must, 
_ “a some time, learn how. | Consequently, in addition to being mathematically 


7 sound and senctioal 3 in application, the treatment should be such that it can be 
— _ comprehended easily. The first requirement is that the basic geometry shall 


be presented simply and clearly, and that it be kept constantly in the foreground 
The second is that formulas, computations, and operations shall be simple, 
direct, universally applicable le without auxiliaries, and conform to ate 
Most writers on spiral transitions have failed in these things—partly, be- 
- cause they seem to have been too anxious to plunge | into mathematical deriva- 
tions, but more particularly, because they b have attacked the problem in such a 
r manner, and from such premises, as to result in cumbersome formulas, tedious 
_ computations, and awkward field work, which have obscured the one 

and given the spiral. an unmerited reputation of complexity. 
‘The purpose of a curve is to provide a safe, convenient, and comfortable 
change of direction. | The critical factor i in traveling on curves is the ¢ centrifugal 
force, which ‘must be kept within satisfactory limits. — ‘Basically, centrifugal 
force i is a function of the angular velocity which, in turn, is a function of curva- 
ture. The conventional formulas for foree, however, have been 
written in terms of linear velocity and radius of curvature. — This may explain 


Ww why so ‘many writers have started with the radius of curvature instead of curva- 
| a 7 The circle is universally used as the basic curve because | its geometry is 
- simple; it is ; symmetrical with respect to traffic; and conditions of travel on it 
are constant. Its defect lies in n that, mathematically, it requires instant change 
from rectilinear to. curvilinear motion, which is mechanically impossible. 
Consequently, spirals : are introduced at the ends ¢ of the e circular are to provide 
a gradual transition in ‘curvature to control the centrifugal force. Any change 
_ of direction made by the spiral is only | a by- product. — 
a: circle may be defined properly as ' ‘3 curve whose angular change of di- 


rection. per unit of arc is a constant.” | When expressed i in ordinary e engineering 


| 
ou units this i is nothing more nor less than the familiar “degree of curve’ whose 


merits have been recognized by railroad engineers for about a a century, 


which m many highway engineers still i ignore. _ The degree of curve expresses the 
curvature of the circle directly, whereas the radius is merely an incidental 


linear dimension useful i in certain computations. — Since the spiral is designed 


to provide transition i in curvature, it would seem that the ‘ ‘rational” attack 


: on All writers on this subject s seem to oO agree that the ideal spiral should be a 
curve whose curvature increases uniformly with the distance from the o1 origin. 
_ Therefore, the intrinsic equation of the spiral may be written directly from the 
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definition in the form Bi 


which, ; in engineering terms, s, makes d the degree of curve at ; any point; k the ; 
rate of change of the degree of curve in degrees per 100 ft (station); and s the’ : 
distance from the origin in stations (100 ft). Every term now has a simple - 
geometric conception which is easily comprehended easily learned. 
examination of the writings | of the late A. N. Talbot, Past-President and tin. 
_M. Am. Soe. C. E., and ‘nel others using his 5 method sl shows that it it has 
“many intrinsic advantages. . 
*% In practice, the curvature (of the | basic « circle is is selected with respect ‘to 
expected. speed subject to topographic restrictions. length of are is then 
cut from it to provide the required total change of direction. Rarely, if ever, 
is the length chosen and the curvature made to conform. In contrast, most ‘ 
_ writers have chosen the length of spiral and made the c curvature to fit; probably ; 
because the first spirals were to be superimposed on existing arbitrary lengths” 
of superelevation runoff. This mode of attack, especially when combined with 
radius of of curvature, inevitably leads: to cumbersome formulas, complicated 


“obliterated, the basic geometry. “ke stated, the basic must be under- 
stood if the spiral is to be used intelligently. 
‘Under » the Talbot method, when k is chosen, a a spiral of indefinite length i is 
_ “fixed” from which ares of proper length may be cut to fit between a tangent © 
= any circle, or between two circles as in the case of the / compound curve. 
Thus, this method becomes fully ‘ ‘rational” and of simple and universal ap- 7 
i Various writers h have shown that the curvature characteristics of a satis- 
factory 5} spiral are a function of the cube of the speed. The authors express 
this in Eq. which is not readily | usable, whereas R. A. Moyer, Assoc. M. 
Am. Soc. C. E. (19) gives it in the simple form 
L= reer 
ie that this is the minimum length (L) for safety. In order to sae 
for both safety and comfort, the writer and the late G. W. Pickels, M. Am. Soc. 
C. E., have r ve recommended a a desirable highway way spiral i in oe form be pends 7 


“which j is practically equivalent to a coefficient of 2, 5 it in Eq. 73 a 

a ae one half as long as that considered desirable on the railroads | (21). a nari 
Since moderate variations of the speed are permissible on any curve, ,and 

‘tin the same speeds” will apply over moderate variations in curvature, it 

- follows that a a . comparatively small number of different t spirals having simple 


be found in highway ali ement. m On the other hand, the use of arbitrary 
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Discussions 


‘1404 ON SPIRAL N 
lengths, each covering a range of curvature, results i in values and 
j requires the computation of an entirely new spiral for each change of curvature. — is 
Thus the Talbot method of fixing the spiral curvature and selecting a length _ 
’ to meet the given circle provides simple formulas, a minimum of computations, $ in 
and a maximum flexibility i in application. 
oe The term ¢, total change of direction at : any uy point on the g; spiral, appears in q co 
q ez of the authors’ formulas, but none of the formulas seem to give an ex- B ne 
pression for evaluating it. . Perhaps this is a result of the idea of | making M 
» = $A; but if Eq. 4 is extended a step or two further, the result is: | th 
| 


which ‘is identical with the Talbot but is. in different units. 


a Various wri writers show that a, the spiral deflection s angle, i is very nearly 3 26 us 

7 and, in Table 1, the authors g give corrections from which they : show that in A 
‘most cases: the difference i is very small, and 1 may t be omitted. _ Professor Talbot fF of 
came to the sa same conclusion. © As a matter of fact, in practice. a can always be ; su 
taken as 3 ¢ because the sole effect of omitting the correction is to move the sk 
circular curve bodily a very small distance outward. Ina very ; extreme case, 


po 


with d= = 30°, this movement was only about 1 in., ., which i is utterly insignifi- 


“ In Eq. 75, a becomes } & s? in degrees which, when converted to minutes, FP, 
becomes the ridiculously simple equation 


Obviously, with ‘uniform chord lengths, it is necessary to compute only the 


sa 
byt the e square ¢ of the digits. If simple values « of & are used with stakes at the F 0. 
usual distances of 25 ft, 50 ft, or 100 ft, the spiral deflections may be written s 
‘almost as fast as those of a cireular curve (with possibly a | a last one equal to3¢ eh 
if the spiral has an odd length). $ This is so simple, and so in accord with heal Te 
geometry, that it is easily learned. 


The general solution for the tangent « distance of a spiraled curve, i in Section 
7 8, is interesting. It is cumbersome because it involves the calculation of the 
‘otherwise useless : spiral chord ¢ and the solution of one right triangle and two 
= triangles. _ The geometry of the solution is well shown in the figure, 


_ but the authors ‘ “spoiled the show” by writing « out all the mechanical opera- Fst 
in the ‘appalling appearance Eq. 18, which completely 

_ obliterates ¢ the geometry. The day is past when either engineers or r students — fu 
want, or need, a formula like this which only | adds to the forbidding : appearance ti 
i 2 A few additions to Fig. 3 would have shown directly a a 2 ch 
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by the a’ authors i in approximation 7, , Section 1: U, in in which tl the he only ¢ approximation 7 
is the very slight one of using ngr = 35S. 
al Obviously, safety and comfort are highly important b but it must not be 
inferred that they have. not received, or are not receiving, careful attention. 
The railroads originally derived lengths of runoff from studies of safety and 
comfort, and later derived their spirals in a similar manner. Highway engi- 
_ beers, however, had little factual data to aid them until the work of Professor 
Moyer appeared (19). Unfortunately, present data are scarcely adequate and 
_ those that are available must be used with care and judgment. “ie ray 
Eq. 15 may be reduced to thé slightly approximate “s ‘safe formula 


used by highway en, engineers 


ISR (e +f)... 


in which: « eis s the a actual ceeeatenains. cross slope built into the road; sand fi is 
usually defined as the safe coefficient of friction against - lateral skidding. 
“Actually, it is a coefficient of unbalanced centrifugal force expressed in terms 

of cross slope. Thus, the quantity e +f becomes the equivalent theoretical 
_ superelevation. for the maximum speed V. If the maximum value of f against 

_ skidding only is used, no allowance is made for comfort; hence the latter must 

. be introduced merely by judgment i in choosing f s since, at present, factual data 

Shortly after the appearance Profener work (19), the U. 

Public Roads Administration suggested a value of iad 0. 16. _ Several highway > 
departments: objected and several made test runs. - The Illinois Division of 

_ Highways, on the basis of both safety and comfort, reached the conclusion that 

a maximum value of f= =0. 10, for speeds of queelentily 50 miles” per hr, 7 
was satisfactory. An 1 examination of (of available data indicates | that, for both 

safety and comfort, f may be taken as about 0.10 at 40 miles p per hr and about 
0.04 at 100 miles per hr. ‘This agrees well with the railroad rule for excess 
‘speed which is s equivalent to about f = = 05. = 
Bs The idea of curves “transitional throughout” is an old . It seems to 
result from a _ misinterpretation of “transitional” and the failure to give due 
consideration to the elements of comfort and convenience on curves. The 
‘primary function of the spiral i is to make a transition in curvature to conte 
centrifugal force—not to provide change of direction. To require also that it | 
‘Provide change of direction is to impose a duty for which it is not fitted ee 

When traveling ona tangent both driver and passengers are ‘subject to con- 

stant conditions. G In traveling on a circle they are also subjected to constant _ 

conditions a although these conditions are not the same as on a tangent. _ The 7 

- function of 1 the spiral i is to provide a transition b between these different condi- 

| tions. - With proper spirals the change is made with comfort and convenience - 

as well as safety, and the driver and passengers must adjust themselves to 7 

changing « conditions only on the spirals. If the curve is ‘ “transitional through- 

out” there is no part of its entire length where travel wtadiiane are constant. 

Furthermore, since a spiral is twice as 3 long as the circle with the same final 
curvature and total central angle, making the curve transitional throughout 

adds greatly to the : length o of curve over all of which travel conditions are con-— 
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stantly changing. For example, assume a of 60 per hr on a 
curve (R = 1,432. 5) with A = 64°. A spiral with & = 1 is suitable, giving 
spirals 400 ft long. The unspiraled circle would have a length of 1,600 ft, 
: “with bad conditions at the end; but most of its length would offer constant 
travel conditions. — When spiraled, the total length would be 2,000 ft, of which 
1,200 would have uniform travel conditions with 400 ft at each end to make 
the transitions. of “transitional throughout,” ” the length would be 3,200 ft 
with no part having | constant conditions. If the latter | curve is reduced to 
2,000 ft its central ‘curvature would be increased to 6° 24’ (R = 895.3), which 
Af, for: a given speed, curvature, and change o! of direction, ‘it should happen 
that ¢ = =4 1A, the curve is short and automatically and | properly is transi- 
tional throughout. If the computed value of ¢ is greater than 3 A then, , be- 
- cause of speed, the same e spiral should be used but it should onnls be short- 
ened until o = og 3A. If the computed value of ¢ is somewhat less than 3 4 4, 
“speed would again n call for the same spiral and the residual circular | are, no 
_ matter | how short, should be retained for r simplicity. Making @ = 4A would 
— not improve the curve and would require » completely new calculations and field 


“notes. _ For greater v: alues of A the benefits of uniform travel conditions on the 


WILEY ON 1 SPIRAL 


In 1923 the writer had a . graduate student who spent much time in trying 
to dev velop curve “transitional ’ Several su such curves were laid 


curvature, the lengths became and if they were shortened 
_ to reasonable length, the middle curvature became too sharp for the speeds. 
In addition, the geometry was complex, the formulas ponderous, the calcula- 
- tions long and tedious, and the field work awkward. In short, the. results 
were so unsatisfactory that they were never published. 06! 
The spiral is intrinsically so simple that it is a misfortune that it should have 
wn so mutilated as to be almost unrecognizable, : and to acquire a forbidding 
not sinister appearance. properly presented, its applications are so 
simple that an average fi field engineer can . make complete computations a and 
field notes in very little more time than is required for an 1 unspiraled curve and 
_ the field operations are practically identical. In some schools students are 
required to be able to spiral, completely, either a ‘simple or a compound curve 
” with no auxiliaries whatever (not even the textbook) except the usual tables of 
3 trigonometric fur functions. Until something simpler the than this is devised the 


To o summarize the w riter’ s honest view of 1 this paper: It contains nothing 
really n new in mathematical treatment. The, general mode of attack is the same 
as that used by a number of other writers, as are many of the forms of mathe- 
matical derivations. It adds nothing to expedite or improve the use and ap 

"plications of the spiral; if anything, it confuses them more than before. a The 
a use of ¢ in the formulas is an innovation, but it is objectionable for several 
reasons. The principal objection i is that it is based on a false premise se since ¢, 
the total change of direction on the spiral, is an incidental result and not a 


writer is perfectly contented with his prese present methods. 
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November, ‘1945 q TRANSITION SPIRAL 
basic function. Some of the incidental items such as ‘ ‘safety and comfort” 
have merit but might have been given more attention. id The “approximations” : 
have : all been long recognized whereas the manner in w which they are eaten ren still ¥ 
leaves a hazy i impression that they should not be tolerated. 
What the highway spiral. ‘needs is some way of eradicating : all the old awk- 
ward treatments of the spirals as given in most field ‘manuals, and of avoiding | a 
_ the need for tabular data. S ‘State > highway ‘departments are wasting plenty of 
"~persons, pencils, p paper, patience, and profanity on a problem which, actually, 
is little, ‘if any, more complex than an circular cur curves. 
_ Corrections for Transactions: In fay, 1945, Proceedings, on 1 page 660, 
dine. 9, change “Setting” to “Solving for a and setting” and line 23, change 
“added to” to “subtracted from”; on page 663, line 2, change ‘0. 4364” to 
0.1091’ and to “6.25°” and line 3, change 50°” to “12.5°”; on page 
— 665, line 17, change “varies approximately as 0.5 z, and” to “is approximately 
: equal to 0.5 z,”’ line 18, change “therefore” to ‘ ‘that j is,” line 30, change ‘3”” to 


< “3,” and, in Eq. 23, change the denominator from be i. “3”; and, on page 666, 
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“DISCUSSIONS > 


4 ‘ANALYSIS OF 


STRUCTURES USING REDUCED 


Discussion 


LEE i. JOHNSON, Jn. M. Am. Soc. C. -The writer is indebted to 

those who have prepared disvenions of this paper. He has been aware of 

the fact that it presented only an idea, and was prompted to submit it in the 

} hope that others would be stimulated to investigate the possibilities of the idea. — 
In statically indeterminate structures both the geometry and the properties - 
of the cross sections and materials have an influence upon the reactions and 
the internal forces. It is s conceivable that the relation between these. two | 

influences s may | be determined | sufficiently to to be of value to the designer, at 

: least for some types sof structures. The use of reduced equations 1 may y provide 
a method of limited applicability for determining this relation. The possi- = 
bilities of the method for this ; purpose were illustrated in the application to 

4 _two- hinged arches, where it was shown that the influence of cross sections and 


materials upon reactions was relatively small and could be correlated to the 
influence of geometry, 


si Mr. Oesterblom’s 8 discussion i is a great encouragement to pursue e the idea 
still further. ‘The writer agree agrees with him that at present the possibilities of 
the method largely remain to be determined. The writer is indebted to Mr. 
-Polivka for emphasizing the usefulness of two-hinged arch data in elimi- 

Although Mr. Beskin’s mathematical. analyses appear to. correct, his 7 
t criticism comes from misleading inferences which he draws from them. ” He 7 
b? pointe out several apparent limitations to the writer’s method—one to ) the 
2 basic principle as expressed in Eq. 1, another to the computation of moment 
iis Eq. 36, and a third in the computation of thrust for a variable 


load in Eq. 45. “None. of these are actual limitations since they are valid only | 


for values in the neighborhood of zero. 


_ Nors.—This paper by Lee H. Johnson, Jr., was published in November, 1944, , Proceedings. Diu 
os sion on this paper has appeared in Proceedings, as follows: Februa 1945, by Josef Sorkin; May, 1945, 
by I. Oesterblom, and Leon Beskin; and June, 1945, by Jaroslav Po ivka. Anat ia 
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1468 «JOHNSON ON REDUCED EQUATIONS Discussions 


Consider two influence lines whose ¢ esponding ordinates differ by rela- 


the zero and is. very large it in that ‘point. ‘The 
- ordinates to influence lines, moment diagrams, and shear ‘diagrams near ie 
points ar are significant i ina design. Mr. Beskin | has hag to 


‘combination consisting of a uniform and load that t increases 
parabolically from the center to the e ends of the arch. He finds under this _ 
_ loading that the error in thrust, using the reduced equations, is infinite fora 
certain ratio of the two load constants, whieh ratio, it should. be noted, 
negative. / In 
downward and one upward a as is indicated by the negative | sign, ., the thrust « on ] 
the arch can be made zero by properly balancing the loads, in which case the — 
error in making any approximation to the thrust must be infinite. The stresses: 2 
computed w with a thrust of zero and the stresses ‘computed with | a@ very y small 
thrust would be approximately t the same in Spite « of the fact that th the error in 
thrust is infinite. In a a problem of this type where the thrust is zero; or is | SQ 
close to zero that the approximation may | be of - dpa sign, the thrus thrust 


"Mr. Beskin’ 's statement, the method of reduced 1 equations can be used to exam- 
q aad loadings of this’ type, and he, himself, has made a start in this direction. — 
a ah The comparative values which } Mr. B Beskin sk shows in Table § Sare with respect _ 
~ to the basic influence values rather than with ri respect to curve A or B, Fig. 12; 
~ hence the large relative errors. He contends that there is no justification for 
| 
curves A and B; but the writer is of the opinion that much more justification — 


o- these curves can be found i in mathematical analyses than - be found for 


as are those of the parabolic and semi-elliptic arches. © The term ‘ “basic ar arch” 


Mr. ‘Beskin’s" suggestions about the terminology are noteworthy. The 
writer agrees that the term “correlation” would have been better than “corre- 
spondence” and that would have done as well a s “difference term.” 
He prefers the term ‘ “reduced equation,” however, as it implies a particular q 

type of approximation. There is a reason to assume that the correspondence 
in Fig. 1(c) is stopped precisely at the center line, for it is precisely | there that | 

slope of curve F changes from. positive to ‘negative. alk: 
Mr. Sorkin’ 8 criticism arises from a of the details of 


hinged arches. — : Apparently, he denies the possibility of beginning the ‘design 
of a statically indeterminate structure. without first assuming the size 
i te of the members. The writer has shown mathematically | under —_. 


° 
a tively small amounts and which do not cross the horizontal Or zero axis at the 
— | 
| 
] 4 
| 
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— 
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The writer made no claim to a difference between parabolic and circular 
i es such as Mr. Beskin states. He did claim, and still does, that the “basic . 
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a - Mr. Sorkin states that the method is too cumbersome for practical use in 
: the case of steel ribs composed of plates and shapes" because of the i involved 


‘mathematics. The reader should understand that the result of the Popo 
of the method to two-hinged arches i is a set of three charts, ‘Figs. 5, 10, and 12, 


which apply to steel girder ribs and TABLE 


to truss ribs as well as to solid con- 


plotting the basic influence 
“curve” A, and curve B in Fig. 5. Fraction | Basic 
‘These data are given in Table 9. influence 


g used with small errors only for para-— 


0.10 
0.15 
q 

es bolic arches, and for circular arches — 0°30 
greater: than 6. It will not give 
‘curate results for these arches in cases _ 
st where the crown thickness is much 
a greater than the thickness at the haunch. writer’s data give closer approxi- 
to ~ mations in all cases than the parabolic formula and also ; apply to any other — 
n- arch form within the limits of the data in Figs. 10 and 12. . The writer does _ 
ay agree with Mr. Sorkin’s implication that since “the between one 


ch or two, or even three, trial | designs reflects the total effort only in a minor 
2: way,” no attempt deal be made to improve this phase of the work in the 
or creation of of a a structure. 
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DEFINITE 


ROUGHNESS 


‘Discussion 


BY C.J. Posey 

Y C. J. POSEY i. 


J. M. Soc. C. uses of the science of 


_ hydraulics have about reached the point where improvement of the favorite | 
open- -channel friction formulas is economically justified. Professor Pow 
paper should help to convince the complacent that research on this’ funda- 
mental problem is badly needed. Although the > Kutter coefficient can be pre- 
dicted to within a thousandth or two, under favorable circumstances, the cor- 
responding uncertainty -in the major variables is appreciable. Where long 


channels form important links in great projects, this lack of precision can be 


- The > two important variables t that give ve trouble, in 1 evaluating friction flow in 
open channels, are the r roughness : and the e shape ¢ of the cross section. - Thorough 
investigation of the effect ; of the |: latter has been avoided, in obtaining results f for 
- practical use, by testing shapes § similar to those used in design. _ The effect of 
channel shape has been oversimplified in the ‘ ‘rational” formulas for open- 
channel flow. A reliable means of evaluating the effect of channel shape, well. 
substantiated hy experimentation, would seem to be a necessary part of any | 
satisfactory solution of the roughness problem. . It would also free the designer 7 
from adherence to traditional shapes, and enable him to take full advantage of 
new developments i in construction m methods. 


= 


“i Nors.—This paper by Ralph W. Powell was published in December, 1944, Proceedings. _ Discussion 
on this paper has appeared in Proceedings, as follows: June, 1045, ” Joe Ww. — —_ E. A. LeRoux; 
4 and October, 1945, by Garbis H. Keulegan. 7 
Associate Prof., Hydraulics and Structural Eng.; of Hydr. Researet Research, State 
of Iowa, Iowa City, Iowa 
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